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PREFACE

In 1962 the Space Science Board, National Academy of Science, held a "Space Science

Summer Study" for the National Aeronautics and Space Administration (NASA). At this sum-

mer study the majority of the members of a "Biology Working Group" recommended that the

National Aeronautics and Space Administration make special attempts to exploit opportunities

for the advancement of theoretical biology. In order to stimulate interest and thinking in bio-

logical theory and to gain for theoretical biology a recognized standing among scientific disci-

plines, three methods of approach were suggested:

1. NASA can consciously encourage theoretical approaches to biological problems

when these appear in individual proposals. This would amount to increased empha-

sis on theoretical work as a criterion in evalnatiug proposals.

2. Conferences, symposia, or workshops can be set up periodically to redefine

problems and in other ways fulfill the usual requirements of scientific communica-

tion. Such meetings would be different only in that they would be almost entirely

theory oriented. NASA might share sponsorship with other agencies.

3. In some instances a continuing theoretical group could be established at a uni-

versity or, possibly, at a NASA center like Ames Research Center. Such a group

could address itself to the problem of identifying opportunities for theoretical de-

velopments in biology and.., would do much to stimulate interest among biologists

and *_._-Ati_..,___ __czans" of many kinds in the theoretical opportunities which exist in mod-

ern biology.

To initiate a program in theoretical biology, a "Committee to Advise on the Status and

Future of Theoretical Biology in the United States" was convened October 30, 1962, in Prince-

ton, New Jersey. The members were Dr. Ernest C. Pollard, Pennsylvania State College,

Chairman; the late Dr. Henry Quastler, Brookhavem National Laboratory; Dr. James F.

Danielli, State lhliversity of New York at Buffalo; Dr. Harold J. Morowitz, Yale University;

and Dr. Joseph Engelberg, University of Kentucky. Observers attending were Dr. John R.

Totter, Atomic Energy Commission; Dr. James Liverman, Atomic Energy Commission; and

Dr. George J. Jacobs, National Aeronautics and Space Administration.

To fulfill the suggested means for instituting theoretical biology activities, this commit-

tee proposed that a series of conferences be held, a summer institute be considered, and

professorships, fellowships, and centers for theoretical biology be established at universi-

ties. To begin activities, a general conference of not more than 35 active participants was

suggested. This conference should have two main objectives: (a) a general scientific meeting

and (b) a formal business meeting of the participants for recommendations concerning the de-

velopment of the discipline and also concerning specific activities and actions to be taken. In

accordance with this plan, the present conference was convened.
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This conference was organized by the American Institute of Biological Sciences' (AIBS)

Interdisciplinary Conference Program under the management of Dr. Frank Fremont-Smith

and his staff--Mrs. Purcell, Miss Gordon, and Mrs. Swanson. Their cooperation, effi-

ciency, and efforts in making the mechanics of this conference successful and the partici-

pants comfortable are gratefully acknowledged.

Editorial credit belongs, of course, to all the participants, as well as to Dr. Fremont-

Smith's staff who accumulated the data until the termination of the AIBS Interdisciplinary

Conference Program. Dr. James F. Danielli and his staff aided tremendously in editing

many facets of the scientific discussion. However, the editor assumes responsibility for any
editorial errors.

George J. Jacobs
Editor
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GENERAL INTRODUCTION

The American Institute of Biological Sciences-NASA Conference on Theoretical

Biology convened in the Palmer Room of the Nassau Inn, Princeton, New Jersey, Friday

evening, November 22, 1963, at 8:30 p.m. with Dr. James F. Danielli, chairman of the

conference, presiding.

DANIELLI: We shall begin this conference by asking Dr. Orr E. Reynolds to tell us how he looks

on this meeting, and Dr. Frank Fremont-Smith will tell us how we should behave. Then we

shall pass around the table and, in view of the fact that not everybody has previously met

everybody else, we shall ask each individual to say in a few words what sort of person he is

and describe in 2 minutes, at the most, how he is going to make a fundamental contribution

to the synthetic cell or any other problem that may come up in the course of the next few
days.

FREMONT-SMITH: Or perhaps why he is interested in coming to the conference.

DANIELLI: Or, alternately, criticize the tactics which were used in getting him to attend. Dr.
Reynolds ?

REYNOLDS: I learned really only this evening that I was expected to make any comments, and I

do not know exactly what I am expected to comment on.

I suppose the reason I am in this position is that I had something to do with stimulating

the initiation of events that led to the conference. That fact was occasioned by my responsi-

bilities in NASA, so I will tell you my personal reasons for feeling that the subject of this

conference (the general topic, theoreLical ........umLo_j_kn_,_aoa sp,_,'_l........... impo_'f_nee to NASA. I do

this not as a theoretical biologist, or even as a biologist, or a scientist at all, but as sort of

a science fan because I think that is all I can lay claim to in this specific instance.

The logic is really very simple. It seems to me that the process of doing scientific work

in space, certainly biological work in space, is an extremely expensive business with a par-

simony of data being almost the certain outcome. In other words, we will not be able, within

the immediately foreseeable future, to rely on a large volume of data to give us a large num-

ber of statistics or to rely upon an empirical observation with large numbers of data in order

to get results on which we can depend to advance our understanding of science or of biology.
The only option that appears to me to be available in such a circumstance is to make ex-

periments as meaningful as possible so that we can place reliance on a smaller amount of

data; and the biggest weakness in biology from that point of view--at lease the way I look at

it--is the absence of very much theory. I am not implying in any way a criticism of biolo-

gists for not having developed more theory. I think biology is a very difficult discipline in

which to develop theory, but it seems to me that the worthwhileness of biological experiments
in space is very likely to depend on the theoretical soundness of the experiments that are
done.

I should like to give a Httle bit of history as to how this belief led to this event. Shortly

after I came with NASA in March 1962, there was a Space Science Summer Study called in

Iowa City under the auspices of the Space Science Board, and I was asked to attend as a rep-

resentative ot NASA. Th_ biological sessions of the s0).dy were chaired by Dr. Allan Brown,
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now at the University of Pennsylvania, and cochaired by Dr. Colin Pittendrigh, who is here.

In the course of that meeting, I was trying to determine whether I could achieve any agree- "

ment in my own thoughts concerning the importance of the development of theory as an essen-

tial part of NASA's biology program. One person that I found who agreed (quite heartily, I

thought) was Dr. Pollard. At that meeting as a sort of corridor discussion, rather than in

the main sessions, with Dr. Liverman from the Atomic Energy Commission (AEC}, Dr.

Pollard and I discussed the idea of meeting again to talk about what might be done toward de-

veloping theoretical biology in the interests of NASA and AEC. We thought our interests
were confluent.

Subsequent to that, Dr. Liverman talked with Dr. John Totter of AEC who, I think, is

here also. I talked with Dr. George Jacobs, who is also here; and Dr. Pollard talked with

Dr. Danielli. There followed subsequently a series of meetings--large and small, formal

and informal--which resulted in the present session.

I, for one, am extremely gratified that it was possible to get such a distinguished group

of people together at this meeting. I have high confidence that it will, in the long run, be

most beneficial, not only to NASA but also to the development of science in general.

DANIELLI: I guess that covers a lot of ground and provides a basis for this meeting. We are be-

ginning to see what is expected of us, if I may say so. And after Dr. Fremont-Smith has told

us a little more of what is expected from us, we shall continue. Thank you very much.

As you can see, this is the first relatively large meeting that has come out of the pro-

cess which we have just had described for us. It is intended as an experiment. It is also in-

tended that we should participate in a general discussion, a so-called business meeting at

which everybody here who cares to come (and we hope you will all come} will be asked to put

forward his ideas as to what should be done to promote the development of theoretical work in

biology.

This particular series of discussions will be run as informally as is possible while still

preserving continuity of thought. In other words, chaos is eliminated as a possible mode of

conducting the meeting, not because order does not sometimes come out of chaos, but be-

cause, in thinking of the stenographic task of reporting chaos, I fear we shall need to limit

the range of topics under discussion simultaneously, at any rate. Is that right, Dr. Fremont-
Smith ?

FREMONT-SMITH: I think it is exactly right. It all depends on your definition of chaos. I think

we need an appropriate amount of chaos in order to get some good thoughts.

DANIELLI: All right, we shall accept you as the chaotic regulator.

FREMONT-SMITH: I should say this about the record. Everything you say will be taken down

unless it is so outrageous that you really want it off the record; then you will ask Mrs. Swan-

son, the stenotypist, to raise her hands so that you can see that she does not even wiggle her

fingers. However, we beg you not to do so, unless it is a really terrible thing you are going

to say, because you will all have a chance to take anything off the record before it is pub-

lished. We find very often that what you think ought to be off the record turns out to be quite

recordable, and you may be very glad to have it on the record.

DANIELLI: What happens if Dr. Pittendrigh thinks what I say is so outrageous that it ought to
come off the record?

FREMONT-SMITH: He has a private talk with you, and, unless you agree with him, it stays in
the record.
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°DANIELLI: ShouldDr. Piotr Slonimskisucceedin gettinghere, I think thatheshouldbeaskedto
openthediscussionon thespecificity of organelles. I thinkwecanassumethat thatwill hap-
pen;however,Dr. Slonimskiwill notbehereuntil tomorrow.

Thefirst thingonSundaymorningweshall havesomeextensionof Saturday'sdiscussion,
whichwill beopenedby Dr. SidneyW. Fox,whohasalso providedyouwith somematter to
readbeforehand,if youcare to doso.

If there are anyquestionsyouwouldlike to askabouttheprogram, Dr. Pollard andthe
rest of uswhoparticipatedin this organizationwill doourbest to answerthequestions. The
discussionleadersare notexpectedto domore thanjust start adiscussiongoing. Are there
anyquestionsyouwouldlike to askmeright at this stageor thatyouwouldlike to askany-
bodywhohasbeenorganizingthis meeting?

Dr. Fremont-Smith,areyougoingto tell us howweshouldbehaveat this meeting?

FREMONT-SMITH:I will bedelightedto saya fewmorewords. Wewerevery happyto beasked
by NASAto helporganizethis conference,becausein the AIBSInterdisciplinaryConference
Programwespenda greatdealof time (andpreviouslywhen I was in the Macy Foundation for

some 20 years) in studying the process of interdisciplinary communication and trying to

set up opportunities for discussion in depth across disciplinary lines. I think most people

feel that they have no problems communicating with other people if the other people would

only listen and understand them; they do not, however, think that some of the things the

others are telling them are really worth paying much attention to and do not pay very much
attention to them sometimes.

I want to emphasize the difference between this kind of meeting (and Dr. Danielli has al-

ready emphasized it) and the standard scientific meeting--the meeting at which there is a

series of papers read at the group, one after another and then, if any discussion really gets

going, the chairman invariably has to say: "I am sorry to have to interrupt this fascinating,

most important discussion, but we are 20 minutes behind in our agenda and I must call on

Professor So-and-So to make another speech at you."

This is what we are trying to get away from. Most of you have learned that there are

very important things that do happen of a communicative type at the standard scientific meet-

ing, but they do not take place in the meeting room. Dr. Reynolds spoke about it. Pie said it

was not at a special session but in a corridor conversation that this happened, and this is of-

ten true. The people who know their way around go into the corridors, into people's rooms

and into the bar to have bull sessions in which most important decisions are made and very

important communication takes place. It happens to be usually somewhat limited to the group

involved, which may be three or four or five. It is not shared by others and it is never re-

corded, which may have some advantages but also some disadvantages.

After really spending time and thought on this, we decided that it ought to be possible to

reverse the field and to bring that which takes place in the corridors, in people's rooms, and

in the bar, into the conference room. And if anybody wants to make a speech, we send him

to the bar--and that does not work too badly either.

I would like to take another few minutes to contrast a speech with a conversation. I think

that a speech like the one I am now making, I am sorry to say, is a progressive frustration

to everybody who is listening to it. Every time an idea comes up you have to repress it, un-

less you interrupt (which I hope you will not hesitate to do), so that what you get is serial

frustration, serial repression of any ideas, doubts, and questions. Your mind is repressed

right straight through the speech. This is why people get exhausted at scientific meetings.

They cannot act or react unless they go out into the corridors.

Conversation is a feedback mechanism in which those who participate are constantly cor-

recting one another, interrupting with gesture or word, reinforcing or supporting. The re-

sult is that they keep each other on the same wavelength, and if any serious doubt arises in
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themindof oneor another,he expresses it, and the question can be clarifed. I feel that

this is the natural human way, this is what society has developed as its process of communica-

tion, only we have become so standardized in our scientific meetings that we practically elim-

inate this. We have become so conditioned--and this is the danger of my making a speech

like this--that if we allow the first person at the meeting to make a speech, everybody sub-

sides into the position in which he either sets up his resistance to being frustrated or he

thinks about something else.

What I hope we will all do is to have the courage of our ignorance to say comfortably:

"Please explain what you are talking about," when somebody says something that you do not

understand, instead of feeling that it is somehow a disgrace which you should not admit. If

you will only come out and say it, you will be surprised how many people around the table will

nod and say, "I am glad you asked that question, because I did not understand either. " It is

only by so interrupting and making sure that you do understand what is being said, what is the

intent, what are the controls, etc., as the proceedings go along that the group can keep with

it. And unless the group keeps with it, the group cannot contribute to whatever is being said

or explored.

REYNOLDS" May I interrupt? I wanted to give you an example of a problem of the vocabularies.

One of my bosses is an engineer. He was having trouble with a problem in biology that he

was supposed to explain to somebody else, and he asked me to write it out for him. Then he

thought a little about it and he said- "But do not put it in jargon--I mean, put it in engineering

j argon."

FREMONT-SMITH: Ideas have got to stand on their hind legs. The ideas that come from the

youngest or the oldest are of equal value and have to be looked upon as what value they have

as ideas rather than whether they represent something that somebody has expressed; and too

many of us are attached to our previous concepts and viewpoints or, even worse, to the view-

point of our teachers and father figures. These are all right, provided they have their own

validity, but they are of no value merely because Claude Bernard or someone else stated

them. I think it is very important that we give full respect and full critique to anybody's
ideas.

I would like to conclude by giving you a remarkable bit of insight--scientific insight--that

Gertrude Stein revealed on her deathbed. Alice Toklas was there, and Gertrude Stein was suf-

fering. She kept crying out to Alice, "Alice, Alice, what is the answer? What is the answer?"

Alice did not know how she could reply, but finally she realized that these were Ger-

trude's last moments and she had better speak the truth. She finally said, "Gertrude, there
is no answer."

"If no answer," said Gertrude, "then what is the question?"

I think this is it in theoretical biology: What is the question? Gentlemen, I am through.

DANIELLI: I do not think we will allow anybody to cross-examine you about your arguments. If

they wanted to do that, they should have interrupted, as you pointed out at the beginning of the

meeting. They can do this later.

What I will do now is ask Dr. Pollard to give a model demonstration as to how a member

of this meeting should introduce himself to the others.

POLLARD: I will tell you what my background is: it is as a physicist. Like a great many phys-

icists, I became frustrated with physics because it seemed to tend toward detail too much. I

listened to a very fine talk yesterday at a physics colloquium in which I heard to six signifi-

cant figures, all about sodium bromide, and it seems to me that biology has more to offer
than that.



GENERAL INTRODUC'IION 5

I am convinced that the advance made in physical science was a mixture of theoretical

and experimental advance. I am convinced it was made in an area which I believe to be

harder than that of living systems. As a result of the intense, skilled effort it contained,

there was an emerging of original thinking. I think if we apply theoretical thinking to biology

we will have this combined approach, and we will take this "easy" subject and make something

out of it very fast.

DANIELLI: Now we will ask Dr. Jacobs to give us a second model introduction.

JACOBS: I am a biologist with laboratory experience in hematology and radiation biology. For

the past 5 years I have been in administration in space biology at NASA. I am now Chief of

Physical Biology with the Bioscience Programs Office. Physical biology covers a broad spec-

trum of endeavors including "general activities" such as this conference. My aim and, I

must admit, my prime interest, is to aid in the development and acceptance of theoretical

biology by the scientific community. This conference I feel is a major step in this direction.

DANIELLI: I think we might work around the table. Mr. Leigh, would you like to fire away?

LEIGH: My name is Egbert Leigh. I am by preference a naturalist, by undergraduate training a

mathematician. I am interested in two classes of questions. One is: What particular math-

ematical formalisms are most useful in handling biological questions ? I think there is a com-

mon mathematical language which will work equally well in certain kinds of physiological

problems, such as biological clocks, and in ecology. I am also interested in problems of a

more concrete nature--the possible contributions of paleoecology to a more exact theory of

evolution and the possible uses of molecular biology considerations in evolution.

PITTENDRIGH: My name is Colin Pittendrigh. I think of myself as a general biologist. I have

strong interests in evoIutionary theory, and I am currently interested in daily biorhythms,

sometimes known as biological clocks. I was persuaded to join the space program by some

of my friends.

BRUCH: I am Carl Bruch. I am with the Bioscience Programs Office of NASA. The aspects

that I am associated with are the exobiology and the sterilization programs. I arrived at

NASA last August. My past experience was 5 years in industry as an industrial microbiolo-

gist. My interests in microbiology centered on microbial fermentations and sterilization.

After I received my doctorate, I felt I was lacking in knowledge of microbial sterilization and

went into this field and did research for 4 years. During that time I became acquainted with

NASA's Bioscience Programs. My last year in industry was in yeast fermentation studies.

Although my training in microbiology followed classical lines--i, e., microbiology as a

descriptive and taxonomic science--I forttmately took a minor in fermentation biochemistry.

I realize that micro-organisms have to work within the framework of chemical and physical

laws. I am attending this conference to learn, and this process started this evening by sitting

next to one of Dr. Morowitz' graduate students at dinner.

HOFFMAN: My name is Donald Hoffman. I am a graduate student in the Department of Molecular

Biology and Biophysics at Yale. My background was in physics before going there. I think it

would be a little presumptuous to say anything about my fundamental contributions because

they have been nil so far.

I am interested in the mode of thinking and philosophy of theoretical physics as applied to

biology, rather than a blank application of the laws of physics. Further, I am interested in

the development of biological models and biological systems theory.

LANGELAND: My name is Tot Langeland. I am in the Physics Institute in Oslo, Norway, in a

biophysics group there. At present I am a visitor in the Department of Molecular Biology and
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Biophysicsat Yale University. My education was in physics, and I have done some work on

ultraviolet and ionizing radiation action on enzymes. In theoretical biology I am particularly "

interested in the application of thermodynamics to biology.

ATWOOD: My name is Kim At-wood. I have a mixed background. I thought that I would be inter-

ested in what the other people here had to say and, not being an authority, I hoped that Dr.

Fremont-Smith would pardon a few sarcastic and destructive remarks. They seem to be so

much easier to think of than the constructive ones.

I had the strange experience of participating in a meeting that bore a resemblance to the

proceedings of this one, as I anticipate them, which was held last winter at Ohio Wesleyan.

The subject was "The Prospects for the Control of Human Evolution." To give you an idea of

the flavor of the meeting, we considered the prospects of when complete control would be es-

tablished; that is, the desired stretches of DNA coding for known things could,be inserted at
will into the human genome. As I recall, only two constructive ideas came out of this. One

was that you would put in a coding sequence for cellulase, which would then enable the indi-

vidual to eat paper. Rolin Hotchkiss was there, and he liked this particularly. He said this

would give him an opportunity to reply to letters: "How much I enjoyed your letter." I will
not tell you what the other one was.

Also, finally, I had some erroneous impression of free cocktails, but I will pass that.

TOTTER: My name is John Totter. I am a biochemist lately turned bureaucrat for the second

time. I am with the Division of Biology and Medicine at the U.S. Atomic Energy Commis-

sion. I suppose the reason for the interest of the Commission in having an observer here is

fairly obvious.

FREMONT-SMITH: We have no observers. They are all participants.

TOTTER: I intend to participate. I am looking forward to the meeting with a mixture of interest

and trepidation and some skepticism, but with a great deal of hope, also.

GRENELL: Bob Grenell. I am, I suppose, called a neurobiologist. This is an escape term

which avoids committing one as to being a neurochemist or a neurophysiologist or anything

you can pin down. My primary interest is in the nature of the excitable cell and in whatever

relationships one can presume to be functioning between macromoleeules inside the cell and
the molecular structure of the cell membrane.

Everybody has been talking about his background. I have the unique background for this

work of being an incurable romantic and a musician. And I think the only other thing that is

necessary to add to this is that I feel some responsibility by way of a small, but very inter-

esting, minor connection with the Office of Biosciences of NASA.

WOESE: My name is Carl Woese. I am a heretical biologist of the Pollard school. My interests

center about what is currently called molecular biology, within which discipline I seek out

those problems whose solutions are particularly amenable to my own personality, preconcep-

tions, and prejudices. At present I am interested in the genetic code--its underlying mecha-

nisms in the origin of life and in aging. I work for the General Electric Company.

ROBERTS: My name is Dick Roberts, and the address is 5241 Broad Branch Road, Washington,

D.C. I am mentioning that because the last communication from your people was a letter

saying, "What is your name and address ?,,

I came because I have found that any conference that Dr. Pollard has anything to do with

is very good. Now I am wondering whether I should have come because I never use anything

more than arithmetic in any of my biology.
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FRIEDENBERG:My nameis BobFriedenberg. I amnotsurewhatI wouldclassify myselfas. I
work in a groupthatis unique,associatedwith ProfessorDanielli. It is calleda theoretical
biologygroup. I amhereto find outsomethingaboutthefield. I amparticularly interested
in membranereplication,

MANILOFF: My nameis JackManiloff. I amin theDepartmentof MolecularBiologyandBio-
physicsat Yale andamoneof Dr. Morowitz' graduatestudents. My researchhasbeenin
dealingover the pastyearwith the rather unique morphology of what Dr. Morowitz has called

the smallest living cell. Perhaps I can make some contribution with respect to that. Like

Don Hoffman, the other student in our lab, I am here to learn as well.

KERNER: My name is Edward Kerner from the Physics Department of the University of Dela-

ware. I have been interested in biology for a long time, mostly from a very pragmatic point

of view. As Dr. Pollard mentioned, there are certain elements of simplicity in what looks

like complexity. The same thing has happened in physics many times. In particular, the

power of the so-called Gibbs ensemble theory for looking at complicated systems in a simple

way has had a certain possible appeal for questions of similar orders of complexity in biologi-

cal problems. This has been the theme of my interest in biology.

GARFINKEL: My name is David Garfinkel. I am a computer biochemist; that is, a biochemist

who has learned programing well enough so that it is not something he does only under com-

pulsion. I seem to spend most of my time building computer models of cellular and enzymat-

ic systems and a little of my time dabbling with models of ecological systems. I should, at

this point, caution the ecologists here that I am not really expert in the field. So please do

not be afraid of picking up any factual errors I may make.

LEVINS: I am Richard Levins at the University of Puerto Rico, working in population biology, in

the coming together of population ecology with population genetics and evolution.

MOROWITZ: I am Harold Morowitz, a microbiophysicist. When I first became interested in

theoretical biology, I was a graduate student of Dr. Pollard's and used to try to think of ref-

utations for the outlandish theories he would put forward. My interest in theoretical biology

solidified when I was with the Bureau of Standards and we ran out of money to do experiments

one year. I am now at Yale with a group that is trying to sort out the very small living cells

in the hope that maybe they will be a little simpler and the theory will be a little simpler.

ENGELBERG: I am Joseph Engelberg from the University of Kentucky, Department of Physiology

and Biophysics. I entered biology from the engineering and physics side, but have progres-

sively turned away from the physical sciences and become more involved with biological
problems.

I have been thinking about why I have been interested in theoretical biology. Probably

any person with a theoretical approach believes in two things about the universe. The first,

that the universe is basically simple in structure--not trivial, but simple; and the second,

that there is a harmony to it--that is, that there axe not lots of unrelated things happening but

that they are all tied together and can be related to one another.

McMULLEN: I am Arnold I. McMullen from England, and I am now a theoretical guinea pig in

one of Dr. Danielli's experiments. I find that I am the first official Professor of Theoretical

Biology. It is pretty clear that Professor Danielli does regard it as an experiment because I

have the title "Visiting Professor," and he therefore presumably expects either myself or the

subject to last for exactly 12 months.

I was quite quietly minding my own business in England as an experimentalist working oa

the biogenesis of the polyisoprene molecule. I made the mistake of thinking a little too much
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aboutit and putting on paper some of my thoughts, and so here I am, trying to live up to some
of the theories which I put forward at that time.

BAUTZ: I am Ekkehard Bautz from the Institute of Microbiology at Rutgers. I am of a mixed

background--first chemistry, then genetics, and I am now called a "molecular biologist." I

am an experimentalist, and I think I am on vacation now. I hope I will enjoy my vacation.

WATTS-TOBIN: My name is Richard Watts-Tobin, and I am from the Laboratory of Molecular

Biology at Cambridge, England. I started off as a sort of theoretical physicist or, really, a

theoretical electrochemist. But I was converted to biology by Dr. Crick and was started off

on genetic experiments, almost the first experiments I had ever done, which eventually sug-

gested the genetic code as a triplet code. Since then I have reverted a bit, and I am thinking

about theory--the theory of electron transfer reactions in biological systems.

ODUM: I am Eugene Odum. I am a naturalist who sees beautiful order in nature, but, frustrated

in not being able to understand it simply by describing it, I have gradually become what we

now call a "systems" ecologist, or one who studies the relationship between the structure and

the function of the ecological system as a whole. To work at this level of organization some

team work is necessary, so we have gathered together at the University of Georgia a number

of young people who are interested in the experimental approach and the use of such modern

tools as radioisotopes as a means of obtaining better information on function at levels above

that of the individual organism.

One theoretical aspect that intrigues us is that many of the most basic principles and

functions that we all talk about--for example, thermodynamics or metabolism--seem to be the

same at the different levels, whether you are speaking of the cell or whether you are speaking

of the biosphere. In contrast, the structure at these levels is vastly different; and, therefore,

the real difference between levels of organization is in the relation between the basic func-

tions, which may be very similar, and the very different structures through which these func-

tions are carried out. If I have any function here it is to remind the people working at molec-

ular levels that this is not the only level of importance.

For example, if we code in our cellulase enzyme, as was mentioned, we will have to

make some other decisions and studies regarding the effect of our new genotype at the eco-

system level, because if we all go out and eat trees, and so on, this will mean a quite differ-

ent environment' What I am saying is that we cannot stop in our thinking with simply break-

ing a code in one level. We must always ask the question: What are the consequences of this

at other levels, and how will this modify the theoretical picture when the consequences feed

back to the original level?

WESLEY: I am Paul Welsey, a theoretical physicist. My interest is in the general thermody-

namics of living systems. I have not as yet gone into the subject in any great detail. I wrote

up some of my ideas in a paper entitled "Thermodynamic Behavior and Evolution of Living

Systems" (not as yet accepted for publication). In other words, I have really not been in this

field of theoretical biology long enough to know what it is all about.

YCAS: I am Martynas Ycas from the Upstate Medical Center at Syracuse, New York. I have been

working mainly on the analysis of ribonucleie acid; and my main achievement to date is that I

have reached a point where, reading the literature in my own field, I can no longer distinguish
fact from fiction very clearly.

My reasons for coming here are twofold. I learned that Dr. Slonimski was coming, and

I will not have to lead a discussion. My qualifications for theoretical biology are that I reject
papers submitted to the Journal of Theoretical BioloKv.
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.EDGELL: My name is Marshall Edgell. I am a graduate student at Penn State, working in Dr.

Pollard's group. I was trained as a physicist. I am interested in theoretical biology because

it takes me so long to do an experiment, that I would like to do it on paper which should be
easier and shorter.

FREMONT-SMITH: I am Frank Fremont-Smith. I was trained in neurology, neurophysiology,

and did some work on cerebral spinal fluid, although I had not been trained in biochemistry.

I then moved into the job of being a philanthropoid. You all know what a philanthropoid is.

Fred Keppel was president of the Carnegie Corporation, and this was his appellation for foun-

dation executives. He said, "Pity the poor foundation executive, he needs to be called some-

thing." And he said, "I suggest that he be named a 'philanthropoid'." Why? Because he

acts like a philanthropist with somebody else's money.

Since I was retired from the Macy Foundation I have been acting, not like a philanthro-

pist, but with somebody else's money, and trying to assist in some way in the problems of
communication.

DANIELLh I am Jim Danielli. I was brought up as a physical chemist. While I was in the pro-

cess of being brought up, I met a lot of biologists, and I found it impossible to believe that

biology was really as complicated as they thought it was. The result was that I moved into

that field. I still think I was right, but it is difficult to demonstrate. I am interested in help-

ing to develop a general theory of cells. I must say I am also a very lazy person, so just like

you, I prefer to do something theoretically if it can be done.

QUIMBY: I am Freeman Quimby, trained as a physiologist, plant morphologist, and microbiolo-

gist. I came to NASA in May 1960, interested very much in a subject that Joshua Lederberg
called "exobiology," which is life, if any, beyond the exosphere of the planet Earth. I came

to this meeting because I have been moved for some time by the kind of argument that Dr.

Pollard gave us when he spoke a few moments ago. I do not know whether he is really aware

of another fact or not, but the contemporary scene in science has been marked by the move-

ment of physicists into the field of biological science. T--nese are good -_-'-" " +o +h,_y -_ _

not regarded as heretics by their colleagues, and there is a long list of them. They are not

all here, but some of them are. Since I am not a physicist, I came here to listen and to
learn.

KLEIN: I am Chuck Klein. I am a microbiologist and have been for a few years. As a matter of

fact, I took my first microbiology course from Dr. Starr down here at the end of this table.

I have been interested for a long time in the subject of structure and function and have done

some work on yeast mitoehondria. I am very much interested in the origin of these and other
organelles.

I have a sort of personal professional interest in being here. About 9 months ago I was

persuaded to join the space program (I think by some of my worst enemies), and I am now

with NASA at the Ames Research Center, where we have set up a rather large life-science

laboratory. Among the types of work going on there are experiments on chemical evolution

and on proteins, or proteinoids, of cellular organelles. Thus, I have a dual purpose in being

here: I am spying for the rest of my outfit, and I am also here to learn and contribute on my
own.

FORRO: My name is Fred Forro. I am sort of a mixed character. I started out as an M. D., but

somehow I did not see enough science in that. Then I found an individual named Dr. Pollard

who had turned from physics toward biology, and I found this very encouraging. Now I have

the title of biophysicist in the Department of Molecular Biolo_" and _.v_...j_;_"h_,_ir___= nt. Ynle. I am

listed here as a discussion leader. I accepted this with some trepidation because I cannot
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imagine a worse choice for a discussion leader, especially as outlined by Dr. Fremont-Smith.

But possibly there will be enough discussion to help me out so that it will not go so badly.

The major reason I am interested in this conference is not so much because of theoretical

biology but rather because I have always been intrigued with the idea of de novo cell synthesis.

I broke away from medicine because I thought the most important thing about the living pro-

cess was the understanding of the cell, and my idea of what that means is someday to recon-

struct it. I have been diverted from doing anything about this because most people do end up

analyzing cells that exist. I ended up looking at DNA, the DNA of bacterial cells, from the

point of view of how this replicates. It is kind of refreshing to come back to something which

has this title and to start to think about it again, and I hope I become catalyzed.

STAR_R: My name is Mort Starr. I am a bacteriologist. I earn my living as a teacher of ecology

and, unfashionably, as a taxonomist. I am probably here because I am essentially a militant

antitheorist. I am a whole-organism biologist. You will be hearing from me on that subject.

DANIELLI: Thank you all very much. Dr. Fremont-Smith, you had some disidentification to
make?

FREMONT-SMITH: The reason I want to speak at this point is that it seems to me that what has

happened as the result of this self-introduction is that we have all become more aware of the

extraordinary resources that we have in this room. We have not become nearly as aware as

the resources are, actually, because each one of you has only touched very lightly on one or

two of your resources, and you all have many, many more. Of course, one of our functions

in the conference is to explore and share each other's resources.

I like to say this because I really think it is quite an extraordinary thing--the capacity,

• the functional mental capacity, background and experience, of a great variety of sorts that we

have here. Our job is, I hope, to utilize as fully as possible, as pertinently as possible, and

sometimes impertinently, this enormous resource and, also, to build liaison--lines of friend-

ship and of common denominators--among the group so that the combined resources, or the

combination of resources, will go on for many years in various ways.

One of the great advantages is that a lot of you have not met previously. This will no

longer be true. Interactions can start which will, and may, go on more effectively because

you will have shared with one another more than is possible if you were making just a series

of speeches. Thank you.

GRENELL: I was just noticing something as a result of everything that had been said here, and

I wonder whether this has any bearing on the meaning of theoretical biology that we are going

to be discussing. I just made some notes as people were speaking here, and this looks like a

very subversive group. It consists of numerous ex-physicists; Freeman Quimby is an ex-

biologist; Dr. Forro is an ex-M. D. ; and there are a number of molecular biologists. By this

term I assume they mean very small biologists. So I begin to wonder if this has any bearing
on the nature of the field.

DANIELLI: You think we are a lot of unfrocked priests? I think every new doctrine is initially
heretical.

REYNOLDS: I have one additional comment to make. I noticed that there seemed to be a lot of

people from NASA at this meeting, and I propose to reduce the number by 20 percent. I re-

gret to say that I can be here only this evening. I must leave tomorrow, so I want tc express
my regret that I will not be here for the rest of the conference.

DANIELLI: In that case, you may be the only member of this group who will read the report when
it comes out.
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HOFFMAN: I have a question about this format. Do these meetings follow each other, A pre-

cedes B and so forth, or are they concurrent?

DANIELLI: No, they follow one another, except insofar as they are concurrent.

FREMONT-SMITH: This is a perfect statement to go with this meeting. This is exactly the way

it should be. It is order in disorder, when disorder is needed in order to get order.
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PART I. ON DE NOVO CELL SYNTHESIS

CHAIRMEN: E. C° POLLARD and J. F. DANIELLI

A. MACROMOLECULAR ASPECTS

Discussion leader: E. C. Pollard

POLLARD: I am very happy to see some new arrivals. I see that Dr. Szent-Gyorgyi has arrived.

We are delighted to have him here; just to look at him is going to do me good while I am
chairman of this session.

I would like to say just a few words about one purpose of this conference, which is secon-

dary to the actual conference itself. I hope that all of you will attend the business meeting--
and please do not be put off by this--the purpose of which is to try to find more wisdom to

guide NASA and AEC in the setting up of theoretical biology and supporting it.

I would also like to give you just a little more background than Dr. Reynolds gave you

last night. Over the past 18 months or so a very small committee has been meeting;, and this

very small committee has consisted, besides those in granting agencies, of Dr. Morowitz,
Dr. Danielli, Dr. Engelberg, Dr. Henry Quastler, and I. This conference comes out of the

deliberations of that group, and it was always the intent that there should be a wider number

of people who would advise as to the future aspects of this subject of theoretical biology. So,

when we do meet for the business meeting tonight, please bear this in mind: We are simply

trying to find out what you think and to put these thoughts together in some way so that support

can be given to this subject if it should be given.

Before I go on, I mentioned Dr. Henry Quastler a moment ago. I would like to say a

couple of words about Dr. Quastler, and I would very_ much like to have these in the record.

I miss him at this session like an arm. Henry Quastler was a really remarkable person. He
would have been wonderful to have had here. He had the kind of interest in the stimulus of

new ideas, and his response to the challenge was such, that it did not show in himself vividly

but it was very easily communicated to others. In fact, in this respect, a quiet, gentle and

anything but strong outward-going personality had the most extraordinarily powerful influence
on other people; and this is, in itself, of interest.

I would like to say another thing. Like Dr. Quastler, I am an American citizen by

choice. I think it is something we should say to our credit as Americans that a man like

Henry Quastler, who had this keen intellect and essentially lived in a world of intellectual

achievement that was his whole and entire life, could come here and be in our culture. I

think he flourished in it. I really think that the national environment of the United States pro-

vided him with a greater satisfaction than any he had encountered before. I really believe he

was happy. And I believe this is to our credit that a person such as Henry _astler could
come here and so quickly find himself and find contentment here.

I do not want to burden an already burdened conference with such words, but I would at
least like to put these remarks on the record.

It falls to my lot to start the Conference on Theoretical Biology, and I do this with a mix-

lure of pleasure and fear. I find the subject extremely interesting. I find it challenging. I

find on the one hand that it is a relaxing thing. I look forward to letting my hair down very

soon, and I look forward to a lot of interesting discussion back and forth. At the same time,

I find it very difficult. On the one hand, I think that anything one thinks about that is con-

cerned with the intimate detail of living things is absorbing, interesting and exciting;, and one
could go on with it all day. On the other hand, I am also aware of the fact that one has to su-

perimpose his conditioning and his sort of mental prejudices (and these include, of course,

13
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the background he has in physics, or in biology, or in chemistry) on the actual operation of a

living cell. A living cell is subtle; it is simple; it is rational; and, above all, it is itself. It
does not seem to matter what one's conditioning is, the cell will require in him an understand-

ing that he meet it on its own terms. So the thing which is difficult is to stand up and start to

discuss the theory of a living cell, which is not simple.

I would like to say a word or two about what I conceive theoretical biology to be, or what

I think its function should be. In doing this, I would like to go back to physical science for a

little while and just draw an analogy for a moment. If one thinks of the very exciting time in

physical science between about 1896 and 1910, we have a bit of an analogy for the situation

that we have at present.
In 1896, or approximately then, the electron was discovered, radioactivity was discov-

ered, and X-rays were discovered. In the years that led up to 1910, all of these things were

exploited and developed in an amazing series of experimental researches, so that by 1910 one

might honestly say that X-rays had become commonplace, radioactivity had become common-

place, and electrons had become commonplace.
In this era, the essential method of work, even in physical sciences, was what might be

called intelligent experimentation. By the end of 1910, just after this time, the experiments

of Rutherford began on the structure of the atom. He showed, by what amounts to intelligent

experimentation, that the atom, in spite of all the difficulties with it, must have a nucleus and

that the electron must be fitted in the atom a certain way. By 1912 a sudden change came,

because in 1912 it was realized that we would not understand the atom in terms of intelligent

experimentation. We would have to understand the atom conceptually and differently in con-

cept. We would have to actually forgo the notion that we could think of the steady and uniform

absorption of energy by an atom. Instead, we had to make rules for whether it could be ab-

sorbed or not; and when we did make these rules, then the picture of the atom emerged.

Now, the whole of that part of the knowledge of the atom--all of the interpretation of spec-

troscopy and all of that--really is wholly theoretical. It would not be correct to say that any-

where in that aspect which followed from the Bohr theory did any of our conceptualization of

the atom lie in anything other than a theoretical interpretation.

The whole question which really lies in front of us at this conference is this: Has biolo-

gy-which has certainly made equally astounding advances, and to my mind more astounding

advances, in the last 15 years than were made in the previous 15 years I just quoted--also

come to the stage where the next understanding of living processes will have to be conceptu-

alized in terms of theory? My feeling is that it has come to that stage. One of the reasons

why I am so wholeheartedly willing to devote my time outside the laboratory and to this con-

ference, is the belief that, indeed, this is so. That belief does not get anywhere; and, in

fact, no subject, I think, is more devoid of basis than theory if that basis is not related to

some achievement of theory. A theory which is just a philosophical theory (and I do not use

that word "just" intending to be contemptuous although I cannot help feeling that I mean it a

little that way)--that is, the very broad type of theory which is very pervasive and very full of

faith--is really, perhaps, not what we are after. What we are after is a theory that takes de-

tail and moves this detail into the sort of realm of confident interpretation and gives a basis

for extending this confident interpretation into realms that we did not think about at all before,

just as the interpretation of the hydrogen atom by Bohr led to all the succession of additional

things that were not thought of at all and culminated in an all-inclusive theory, which really

encompasses the whole of chemistry and the whole of physics, at least as far as atoms are

concerned.

With that in mind, one reason for the titles that we are discussing in this conference

should be explained. In planning a conference like this, we had to look at areas where it

seemed probable that the contribution of theory to the areas of knowledge we are discussing
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would be great. We had to pick, and so we picked, rather sharPly, something which many
"people are looking on a little vaguely. We picked rather sharply the idea of what it would

take to synthesize a cell de novo--in other words, conceptually to make, stage by stage, all

of the elements from the carbon, nitrogen, oxygen, phosphorus, sulphur and hydrogen which

form the cell--conceptually to make these step by step, so that at each point we are confident

that we can do it and, finally, to end up with a system which actually is a living cell, which

has those attributes of life to the extent that all would agree that the cell is a living cell.

What will it take to do this? It may be that all it will take, as Dr. Roberts says, is to

isolate three polymerases--the polymerase for DNA, the polymerase for RNA, and the poly-

merase for making the peptide bond--and put these together in a suitable container with the
right parts and say "boomph" and you will have it.

This is possible. The question is: While this is possible, would one ask for a grant to

do that? I think one would not ask for a grant to do that with any expectation that it would be

supported unless one also gave some basis for believing that it would work--and here we

start. The basis for believing that it will work will involve making a conceptual picture in our

mind of the reaction vessel, the nature of these polymerases, how they work, what will actu-

ally result from them, how they will interact_ and whether, in the long run, the necessary

organization which is present in the cell, which we are going to look for and will all be willing

to agree is a cell, will actually emerge from this system. When we think about it this way we

think that this aspect of our grant application is not going to be done in the laboratory; it is

going to be done in the head. The question immediately starts to appear sharply: Is there not

really something theoretical that we should start to say about this process of putting the three

enzymes together in parts to see whether, first, they could work and, secondly, if they could

work, how it would be wise to put them together so that they would have the maximum chance

of showing that they worked?

I would like to say that I believe that there are two very clear areas in which we cannot

possibly understand the living cell without theory, and I would like to state these very briefly

and shortly. Tnen i would like to start to ..........La_ _"-- more o_-'*'_-_+_I_o_._._._. +h_+ ........ gel
handle on.

These two areas are, first, what I will call the fine structure, or the ultrastructure, of

the cell. I do not believe we are going to be able to take a mural of the size of the wall here

(something we are starting to do at Penn State incidentally), and actually draw a section of the

cell in such a way that we believe it could be right without a considerable consultation of the-

ory. I do not think we are going to be able to take electron micrographs. Even if we take

electron micrographs or field ion-emission micrographs or whatever these are and simply,

so to speak, project them on the wall, even if we use electron micrographs and even if this

aid to the eye is possible, it will take, as an electron microscopist full well knows, a theory

to interpret the electron mierographs as he sees them, to make the pattern that is actually
there.

I am very impressed by the fact that even such beautiful things as mitochondria will not

permit this. It would almost seem as though mitochondria and viruses were designed for

electron microscopy because they show up so well. But, even so, I have noticed that the con-

ceptual pictures that are drawn are, nevertheless, derived pictures. They are not pictures

that one can hand to a graduate student and say, "Look at them: Here they are."

This is one area. The other area in which I feel confident that theory will be necessary

is in the area of understanding the mechanism by which the cell actually does its job. I do not

think that we are going to be able to say how DNA is synthesized, how a protein is synthesized,
1___o
_,vw a niei_br_ne w-oi-ks, '-_w..... _ permeasc _._"_'_n-" operates, .................+,_fh_ f_+_ m_n.qp, nf the word

"how:' without theoretical understanding. I do not think I can conceive of any method by which

one can actually continue, so to speak, to tease apart the cell with micromanipulators, poking
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andpokingandlookingwith theeyethewholetime, andcomeupwith a mechanismby whicha
systemof enzymesfollowsa pathwayandforcesoperationsdownthepathway. I donotsee
howthis canbedone.

Thesetwoareasthen,of the intimate structureof thecell andof theprecisefunctionof
thecell, are thetwoareaswhereI feel confidentwemusthavetheoryto guideus. WhatI
would like to do, rather than talking in this philosophical vein, is to take two aspects which I

have spent a little time worrying about and fill in quickly the kind of reasoning that leads one

to believe that one will have to have a theoretical basis for the nature of the operation of the

cell. Then I would like to start in a little while to sketch the way the living cell, say a bacte-

rial cell, actually looks.

The first thing I would like to talk about is a very, very simple consideration of the rates

of synthetic processes, or any process which can occur in a cell. Let me illustrate this by

something which is quite new and which I have done in a very sketchy way in the last 10 days

or so. It concerns the mode of operation of an enzyme, beta gulactosidase, which is one of

the enzymes I know a little about.

Recently it has been realized that in a bacterial cell there is approximately one of these

enzyme molecules per nucleus, and so we have an interesting situation. If we are prepared

to know the number of cells we have in a culture and if we open these cells by some fairly

rough treatment, we actually have an idea of how many molecules of this enzyme we have.

Furthermore, in working with this in the situation where we have managed to open the ceil,

while we may have damaged the cell badly, we are still looking at an enzyme which is some-

where close to its actual state in the cell. This is opposed to taking, for example, crystal-

line catalase and looking at it in a pure water solution. We are looking at this thing somewhat

as though it was in the milieu in which it actually works.

To make this story very short, because this is not intended to be a place where one re-

ports results and data and things like that, I can say briefly that if we take a culture of cells,

smash them open and give them a substrate to work on, in 1 second we actually have 4 x 10 3

substrate molecules per second actually processed by this enzyme. In other words, the en-

zyme works at this rate in the measured system.

It is difficult to calculate theoretically what it ought to do, and this is something which I

have been trying to bring down to a better basis by doing background experimentation. The

sort of theory which you can work on is either clumsy but correct or elegant but just a little

distorted.

If we take the clumsy but correct theory, then what we have to say is this: For the colli-

sion process the enzyme is represented by a little region where it works, shown at A in fig-

ure 1. This is the small unit which takes the double sugar and splits it into two single ones.

We start the double sugar moving around in a solution, as shown; and it goes into motion, as

indicated, until ultimately it finds the site on which it occurs. The average time it takes to

go from start to A will be concerned with the collision rate of this metabolite with the en-

zyme. The probability W(r) of reaching the critical volume in a time t from a distance r is:

[ 1 ] e_(r2/4Dt)W(r) = L(4_Dt)3/2

where D is the diffusion constant in cm2/sec (ref. 1).

This is a nice method of working, but unfortunately, as anyone who plays with this knows,

it lands you in very great difficulty. Long ago, for purposes of collisions in colloids and in
other areas, this was abandoned, and a substitution was made in which, instead of thinking of

the enzyme as looking like that, a little spherical bulge was imagined on a surface, and this is

the collision point (fig. 2). This is endowed with a radius. The impinging molecules are
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treated as points. Their radius is joined in

with the radius of the "bulge." Now we con-

sider what happens as a diffusion process into

a hemispherical region. The process of dif-
fusion and the process of Brownian motion

are actually equivalent; and the two equations

do, essentially, give you the same result.

The only difficulty is, you see, I have

changed the picture a little bit by the intro-
duction of the radius.

For this calculation I must also assume

that, when a collision occurs at a point, I ef-
fectively remove the metabolite from the
solution.

With this approximation, one can say that

there is a concentration C_ at infinity, a long
way away from the surface and the collision

rate ¢ turns out to be the following:
¢ = 2_DRC_ where D is the diffusion coeffi-

cient. If one substitutes in the numbers for

the beta galactosidase substrate (lactose),

this is used at 0.01 molar (so we know C_),
and we can use a reasonable estimate of this
radius (10 -7 cm). The diffusion constant for

sucrose in this sort of medium has actually

been measured and is known to be approxi-

mately 10 -6 per second, and it turns out that

A

START

Figure 1. --Indication of the Brownian motion

of a metabolite as it traverses the distance

to an enzymatic site at A. The volume of

the critical region of the site is d T o

the number which _hnllld h_ ft'_111.1_ |R ._ "/_'1_ 6 r_,_ _ocm_ _'_c.,-_£_,-_. _ ",-1_;_ ;_ nl .... +1.,_

enzyme is not functioning in terms of collision. This is fairly well known; but what is inter-

esting is that a ratio of approximately a factor of 1000 occurs between these two. Thus the

actual processing of this substrate and the probable rate of collision are different by a factor
of 1000.

This is not hard to understand in several ways. Incidentally, I think I would like to sug-

gest a very simple theoretical problem for those of you who know statistical thermodynamics:

If we have a region of volume V and we have on its surface some element which requires an

energy E to force some operation to occur, what is the length of time which it would take by

fluctuations--fluctuations of the type we find in critical opalescence, for example--for this en-

ergy to arrive randomly in a concentrated fashion? If this is worked out anywhere and applied
biologically, I have not found it. I would very much like someone in the room who does know

this to interrupt now, or he can tell me at lunchtime. The reason behind the operation of an

enzyme might simply be that there is a critical surface site on which something arrives by
collision and then, by waiting for a length of time which corresponds to the difference in the

two rates given in the last paragraph (which can be estimated as something like a millisec-

ond), the energy concentrates and off goes the substrate. In any event, the evidence is that

enzyme rates are slower than expected from collisions and that this diminished rate is some-

how concerned with an activation energy.

This consideration of the enzyme process now forces us to look at a chain of 10 synthetic

steps. The biochemists are very. fond of taking a substance like glucose and showing that it

follows a metabolic pathway, and these pathways are nearly always somewhere in the neigh-

borhood of 10 enzyme steps. So now we have to ask ourselves what would happen if all the
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elements of this pathway were actually separated, segregated all the way .

through the cell, and it was necessary for item 1 to be made, to build up
to a concentration sufficient to make item 2 work and item 3 work, and so

on, until, finally, we came out on the far side? Even if all we had was a

collision frequency and no more than that--in other words, if all the reac-

tions operated purely as a matter of collision frequency and nothing else--

it would still be very difficult to see how all these things could process

themselves as quickly as they do. But when we have (1) the fact that the

reaction is 1000 times too slow and (2) the necessity that there will have

to be energy provided at each reaction, we are really led to invoke a sys-

tem like figure 3, in which we have a set of enzymes and, presumably,

another set nearby. Now we have to consider the correct entry into one

end of a metabolite which, we will say, has to be glucose and not, for ex-

ample, hypoxanthine; and the substrate must somehow be processed.

Furthermore, we must not have to wait for the energy to accumulate in

one place after it has once accumulated nearby, so that there is also an

energy transfer process needed for the completion of the enzymatic

pathway.

If that is not a system for theoretical consideration, I have never

seen one. This type of picture is necessary to discuss; and here we call

for Dr. Szent-Gyorgyi's submolecular biophysics, which corresponds to

the description of the operations within the molecules of biological sys-

tems. We need it, and we need it sharply. We need it accurately. We

probably need to know in quantum-mechanical terms the specific orbitals

for things like this.

Let me add one last thing about enzyme systems. These systems

abound in mitochondria. Now, it seems (something I did not realize) that

mitochondria can replicate, of all things, semiconservatively. This

means that mitochondria apparently grow into more mitochondria, so this

replication of a cellular organelle is taking place within the cell.

GREEN: That is not generally accepted. That is only one view.

POLLARD: All right then, let me ask, in that case, a question: "How are they made if they are

not made that way?"

GREEN: That is a long story, but I think it should be on record that multiplication by growth is

one of many possible modes of replication and, to my way of thinking, the least likely one.

POLLARD: Fine. In some respects that makes me feel happier still, because I must admit this

mode of replication bothers me a little bit. I have difficulty with it, but what I do not have

difficulty with is believing that, no matter how mitochondria are made, they probably have to

be made in some sort of packets. So there must be a sort of fundamental unit in mitochondria

which is almost precisely this strip of enzymes which I am talking about and which, for quite

different reasons, is something I seem to want to have.

GREEN: Yes, that I certainly go along with.

POLLARD: So, all I am saying is that there are two quite different attitudes that would lead you

to think this way. Actually, there is a third avenue. This is an old radiation experiment

which we made at Yale some years ago that showed that if one destroyed (by radiation) the

ability of glucose to be assimilated by the cell, the radiation target would seem to correspond

to a packet about this size.
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GREEN: There is a body of evidence now which sug-
gests that a number of the glycolytic systems of

enzymes are actually organized in the form of

membrane-bound structures* where the enzymes

are, in fact, arranged as you have indicated and

predicted correctly--that now, experimentally, it

is possible to demonstrate that such is the case,
at least in the membrane of the red blood

corpuscle.

POLLARD: Another thing I would like to discuss is

in this same general vein. This concerns the

synthesis of DNA and protein, and let us con-

sider DNA first. If you take the fastest rate of

synthesis of a DNA bacterial virus and if you as-

sume (well, we know now that DNA is in one unit)

that the DNA is made in one place, and this is an

essential assumption of this calculation, then

4000 bases are made per second.

These 4000 bases per second are made

really very accurately. They are put in place

accurately. Incidentally, when you start to look

at biology theoretically, right away you begin to

see some new experiments or, rather, old ex-

periments for which you need new data. The

whole story of how many mistakes are made, at

what rate of replication, is something which you

SET OF
ENZYMES

IN A BLOCK

,¢

MATERIALS

_. o°

!-

PROCESSED METABOLITES

Figure 3. --Schematic representation of

a set of enzymes in a block, capable of

acting efficiently on material entering

the cell and of passing energy effi-

ciently through the solid state from one

enzyme to the next, as needed.

cannot find easily in the !itera.hare. I do not know anybody who has studied the formation of,

for example, phage, at different temperatures to see what the mutation rate is of all classes
of mutation as a function of the measured rate of synthesis of the DNA. Moreover, I have not

seen it compared with any attempt made to modify the number of these bases. This class of

experiment appears interesting to a theorist. It does not necessarily appear interesting to a

person who is just a phageologist.

Consider these 4000 bases per second. Again use this calculation where I say that the

rate of formation ¢ is

¢ = 2_DRC_

Putting in the known value of ¢ and then putting in reasonable figures for the diffusion constant
and reasonable figures for the radius and calculating out the concentration to infinity, it works

out to be something in the neighborhood of 4×10 4 free bases per cell. This represents, of

course, a relatively small fraction of the total bases present in the cell.

This calculation is based on the idea that every collision works. Every collision, in this

instance, is really a little subtle because we have to take a base, sugar-triphosphate, which

must find the proper place on the enzyme and must come opposite the proper base on the

primer; it must twist and turn its way into the correct orientation, and it must fasten itself

into position so that it is correctly placed, and there must be no errors. This calculation of

*B. Salmon, E. Murer, and G. Brierley, unpublished studies.

H. Hultin, S. Richardson, and D. E. Green, unpublished studies.
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the concentrationnecessaryfor this processto work is essentiallybasedontheideathat
everythingsticks andgoesas quicklyaspossible. Nopossiblesort of slowingdownprocess
is permittedfor this calculation.

I havebeenmakingsomeattemptsto measurewhattheconcentrationof thebasesin the
cell is. I mustadmit thatI am anamateurat this. It involvesa little biochemistry;andI do
notwantto saythat I havea final figure, but thefigure thatweseemto comeupwith is ap-
proximately1000. In otherwords, there is only one-tenthasmuchdeoxyadenosinetriphos-
phatein thecell wehaveworkedwith. This is workbyMr. T. Baroneandmyself.

I wouldnot like to havemy wholescientific reputationdependon this number;neverthe-
less, I wouldlike to point outthat, again, theorysuggeststo us that this typeof number,
whichis notso laboriousto get in the laboratory (it is only laboriousfor mebecauseI amnot
a goodbiochemist,but it wouldnotbe laboriousfor somewhocando it better thanI can), is
of coursetremendouslysuggestive. First of all, it is small--toosmall for thetheory. Thus,
either wereject entirely this mechanismof collision--whichessentiallymeanswe reject what
wethinkchemistryis becausewebelievechemistryto beconcernedwith collisionsbetween
moleculesandrearrangementthereafter--or wesaythat, in fact, wewill havetheright con-
centrationof bases,butstrongly localizedin thecell. Actually, whatwefind is that this fig-
ure percell is usedto give anideaof howsmall a region is occupiedby thebasesusedin DNA
synthesis. Therefore, thenumberin thecell mayactuallybein whatmustperhapsbe1/1000
of its total volume, soonecomesupwith anideaof awholeorganizedDNAsyntheticmecha-
nism. This is shownin figure 4. TheDNA, thetwo strandsof DNA, andthepolymeraseare
shown. This last functionssynthetically. In addition,however,somewherearoundit is a
little regionin whichwehavea concentrationof precursors of 2x1016/milliliter. Thesemust
presumablybemadenearit, andsoaroundthis polymeraseunit is a sectionof thecell which,
in someway, hasacquiredthe machineryfor puttingthetriphosphateontothe sugarandthe
sugarontothebase. All of this machineryeither mustbecloselyaroundthepolymeraseor

I I
NEW II I

SYNTHESIS I ]

BASES, P04 , SUGAR

NEW

SYNTHESIS

___j POLYMERASEHIGH
-_ CONCENTRATION OF

_" BASES, PC4, SUGAR

DNA STRANDS

Figure 4. --Representation of the organized set of enzymes near the

polymerase. These enzymes make a high concentration of tri-

phosphates in a very small volume right near the point of DNA
synthesis.
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there must be a mechanism by which a unit made elsewhere is somehow brought down, and

brought down quite efficiently, and put into this zone, and then made to work.

Presumably, since the DNA is wound up to be about 800 turns or so of the cell, this is

moving around in some manner systematically within the cell or, alternately, the DNA is sys-

tematically working its way through the structure.

YCAS: Dr. Pollard, you are assembling this DNA sequentially?

POLLARD: Yes, I am taking the Kornberg method of assembling as right; and I am assuming it

goes on each strand from one end and that the primer is a continuous thing and the second

strand is made that way.

YCAS: For the entire DNA?

POLLARD: For the entire 130 million molecular weight of DNA.

BAUTZ: There is one problem with your continuity. Theoretically, you need only one polymerase

molecule per cell, but there are around 200. If it starts on one end, you would need only one

polymerase molecule. I just wanted to say that. It might not have to work all the way.

ROBERTS: That is true if it stays on all the time. It may fall off, though.

BAUTZ: It might start at different points.

POLLARD- It is not too bad. It cannot be less than the sum of the radius of the diffusing molecule
and the "littleboss."

I think that a factor of I0 is certainly permissible. In fact, let me make itquite clear

that I really do not think exact values are important in a certain sense. The thing that is re-

markable to me is that my values are the fastest possible; everything else is slower. It is

also true that to obtain observed rates there is only one mechanism short of special structure

that I can think of. Without special structure, the only way I can obtain these rates is to in-

crease the concentration. Interestingly as soon as the concentration required begins to be

greater than that observed throughout the whole cell, both arguments lead you to special

structure because you now must put those molecules in in small volume.

MOROWITZ: It is a carryover of macroscopic concepts to a 1-micron box.

POLLARD: You have to say it was essentially distributed uniformly throughout the box or, with

maximum probability, in the middle and not try to follow its path around.

DANIELLI: There is still a significant value of R, though. You still, fundamentally, have ex-

actly the same problem. It does not seem to me that this point really matters very much in

this system.

Actually, the data that Dr. Pollard counts are really averaged over a long period of

time. As far as I can see, it does not matter whether you average over a long period of time

to get a result or whether you average over a large volume over a short time, you end up

fundamentally with exactly the same conclusion.

YCAS: There is another point, and I would like to return to my original question. This is all

very interesting but it depends on certain assumptions which are experimentally testable. I

do not think anybody really knows how DNA is made; for example, how many initiation points
there are.

pOLL_W._: T t]_n._kDr. For__o drierknow how DNA is made.

YCAS: I apologize to Dr. Forro, but my point is that this is an experimental question.
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POLLARD" I would like to say I do think theory frees one from the bondage of experiment, that is

to say, as long as one states his premises. There is no question that many people today are

discussing the sequential synthesis of DNA around a circular chromosome from one end to the

other, and the evidence is probably in their favor, from all I know.

ATWOOD: It is overwhelming.

FREMONT-SMITH: Temporarily overwhelming.

ATWOOD: Have you seen Cairns' recent pictures ?

YCAS- No, I have not.

ATWOOD" You have to see those to realize how overwhelming it is. There is just one growth

point.

YCAS: In what?

ATWOOD: E__. coll.

FORRO: It depends on the way you accept the data. Cairns (ref. 2) has collected evidence, but I

do not believe you can draw the conclusion that this is uniquely true for all the molecules in

these ceils. He does not get 100-percent yield. He gets very infinitesimal yields per struc-

ture. Maybe from these structures you can make such an interpretation.

ATWOOD: The material is very fragile; it is surprising he gets one good picture.

FORRO: I agree, and I think there is evidence that bears out that sequential synthesis does occur

in other systems, thus making Cairns' results very probable. The thing I take most excep-

tion to is the idea that this is necessarily going to be true for all systems under all conditions,

even if we restrict ourselves to bacterial systems. The other systems that I referred to were

Nagata's work (ref. 3), in which he looked at the number of prophage per chromosome during

synthesis of synchronized chromosomes, and Yoshikawa and Sueoka's (ref. 4), where they

cannot pin it to a material structure of linear continuity but they do show a sequential synthe-

sis. However, in each of these cases is a system in which sequential synthesis is not demon-

strable. Nagata has run the experiment with an F-minus strain, and it does not behave this

way; and Yoshikawa and Sueoka have another strain in which they cannot show this.

I have some long-standing experiments in which I just do not understand if the mode of

synthesis is sequential in all organisms; therefore, I would just like to put a reservation into

the acceptance that sequential synthesis is always the case. It does seem, though, that the

weight of evidence is in favor of sequential synthesis under some circumstances for a large
structure; thus, I think that Dr. Pollard's willingness to assume this for purposes of theo-

retical consideration is reasonable.

YCAS: I would say that the main point is not to be overwhelmed. No single experiment, no matter

how plausible, can be overwhelming in the sense that it renders further experiments super-

fluous.

FREMONT-SMITH: The history of science supports you.

POLLARD: I think this is beginning to be my point about the contribution of theory--that this is

only one of many possible things and what we have to do is to ask: Is the experimental evi-

dence good enough to make us think about it? I think we should exert the prerogative of the

theorist's being lazy. If the experiment does not bring us good enough data to warrant our us-

ing our heads, we should not. In this case I think the experimentalist has brought us enough

data so that it begins to look as if we should consider them. All I feel like saying now is that

if one takes the sort of normal rates of synthesis and the sort of concentrations necessary for
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them to take place, then one is pretty well driven to the idea that the bases necessary for the

synthesis of the DNA at one end are going to be specially packaged in some kind of a still (to

me) unknown structure. It seems to me that this unknown structure, whatever it is, is some-

thing that perhaps will only be discovered and understood by theory.

I, personally, imagine this thing as coming within Dr. Morowitz' 0.1 micron. At the

moment very few people will talk about 0.1 micron in a living cell as anything that can be

visualized in any way. Therefore, I think it has to be conceptualized; and that is theory, as
far as I am concerned.

GRENELL: I think there is a point that comes up here that may sound naive. But if we are talk-

ing, from a theoretical point of view, about cells--and everybody has been so far--the question

is: Are we talking about all kinds of cells, or specific kinds of cells? If we are talking about

things that can be generalized to all cells, then one begins to wonder.

This figure of 2x10 -1_, for example, is a very small figure which one would think rea-

sonable for certain cells but not as reasonable for others. Thus the question arises as to

what are the limitations on the theoretical approach at a particular level that is being dis-
cussed.

POLLARD: Again, I am taking the prerogative of a theorist. I do not think it bothered Hans

Bethe at all that in calculating the absorption of a fast-charged particle he did it with just pure

hydrogen atoms, eventhongh no such absorbing systems are readily found.

Nevertheless, I think we are not making a claim for generalities. The theorist tends to

say that if one clearcut, specific, known true case can be analyzed, this is sufficient for his

purpose. Whether it will apply generally is a question. In physics and in chemistry in the

past, the history is that it does. From the trends we can see in biology, I would say that it

probably does. However, I would very much agree that the calculation made for E. coU

cells would not apply to, for example, PPLO, which is much smaller. I certainly cannot be-

lieve it would apply without modification in the mammalian cell.

_n, r_: I would iike to pointout that, if there is a direction that ultrastructure studies is taking,

it is that these smaller components are localized in very, very microareas and spaces be-

tween structures, such that it would be possible to obtain very high concentrations, as you
predicted.

I think the notion that you are dealing with molecules evenly dispersed throughout a cell

will have to be abandoned. The whole problem of achieving the necessary intracellular con-

centration of substrates and coenzymes is, I think, coming closer now to a solution. There

are, in fact, these microspaces; and whatever the laws that govern the behavior of molecules

in these microspaces are, they will be the ones that will apply to calculations of the kind you

are making.

FREMONT-SMITH: When you use the term "temperature gradients" within these minute spaces,

within the cells, this could materially increase the diffusion rate and collision rate. The

calculation of temperature gradients gives an enormous increase for very small temperature
gradients.

POLLARD: They are almost hopeless. I have tried this. The surface-to-volume ratio is so huge

for these small things that the temperature effects equalize very, very quickly; and in a cell

of this size, the maintaining of even a 1/10 000 degree difference from one end to the other

would be a spectacularly difficult thing to do by ordinary methods. I am quite sure if you put

it in a gradient, a Bunsen burner, and heat it over here and have something cold on the other

o_u=, you can do it.
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FREMONT-SMITH:But therewill becontinuousheatproductionat manypoints.

POLLARD:Thatis right.

FREMONT-SMITH:And, therefore, therewill becontinuoustemperaturegradientsfrom eachone
of thesepoints.

POLLARD: But the speed of the heat exchange, dQ/dt, is colossal. It is determined by the con-

duction equation that

d_QQ= _ A d__0
dt -- dx

where

Q heat
t time

K thermal conductivity

e temperature

dQ/dx temperature gradient
A area

The area A is so great that no large temperature gradient can be sustained. The transfer of

heat is not like that of matter because one concentration is a transport of an actual nucleus

that has to move. This is the transport of matter, and the other is the transport of energy of

vibration. The transport of vibrational energy can take place without moving a nucleus. I

think they are different. Concentration involves actual motion of the unit.

All I want to say is that if you put in the normal constants here and relate them to this

problem, as soon as you shrink the size very much this area becomes potent compared to the

heat generated, which is very tiny. The actual heat itself is the specific heat times the vol-

ume times the density and the volume is so extraordinarily small that the amount of heat is

very, very little; thus you quickly see that the temperature gradient is also very little.

I have made the calculation.* At one time I thought an explanation for radiation action

was that the molecule would get heated very suddenly by the arrival of the ionization energy
within the molecule. I tried to calculate how this would be related to known constants, but I

rather quickly gave up because I figured that the time that the heat would remain in the mole-

cule was extremely small.

FREMONT-SMITH: But this would be continuous, would it not?

POLLARD: Yes.

FREMONT-SMITH: Would that not make a difference?

POLLARD: It might.

GARFINKEL: May I cite one example of this which, I am afraid, is also a counterexample to what

you said earlier? We have been simulating the glycolysis pathways in the mouse ascites cell

*If an enzyme is reacting with 1 electron volt of energy 103 times per second it gener-

ates (or absorbs) 4x10 -17 calorie per second. Using an assumed thermal conductivity of

4×10 "4 calorie/square cm/secondand a radius of 20 A, we find that dQ/dx = 0.02 degree per

cm. In a cell of 1-micron width, this means a very small temperature difference indeed.
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and, for themostpart, thusfar wehavebeenableto assumethat thesethingsare in solution
asenzymesindependentof eachotheror that youcouldeffectivelygeta workingglycolytic
systemby isolatingtheenzymes,pouringthemall into thesamebeaker, andto assumethat
theydonotassociate.

Thereis oneexceptionwhich is neededto providea very high local concentrationof one
particular substratebecausetheenzymereactingwith it apparentlyis driving the reactionthe
wrongway--in a situation not in equilibrium it is moving stuff further away from equilibrium.

In this case there is experimental evidence for association of two enzymes, as these were

thought to be the same enzyme when first discovered, and it was quite a while before they

were resolved (ref. 5).

POLLARD: That is very interesting, because I must admit that when I tried this collision, kinet-

ics to the glucose metabolism of cells, I found I came out with fairly low numbers being re-

quired. The concentrations required were quite low, and this would agree with your findings.

Oddly enough, the ones that seemed to require the high and strange concentrations are these

synthetic things where you are more sure that they take place at one point. They also take

place with this great speed. I agree that it would not be necessary for intermediate metabo-

lism to invoke anything structurally special, as far as we know.

May I ask, have you put in the known rates for the separate enzymes ?

GARFINKEL: As far as they are available, yes.

POLLARD: And the rates can be sufficient if one enzyme is at one point in a cell and another one

far away ?

GARFINKEL: That is right, with that one exception.

TOTTER: Does the concentration that you have to use for the steady state agree with the osmotic

requirements of the cell?

ciently small part of what is inside the cell osmotically.

TOTTER: Not enough to cause trouble.

GARFINKEL: That is right.

POLLARD: I will not be much longer on this theme. My feeling is that what I am putting forward

has a certain degree of emotional conviction. The next thing to do is to perform an experi-

ment. The emotional conviction I have is that the synthetic mechanism for DNA is more than

just the polymerase and that there must also be a space around the polymerase in which one

can find the four bases and, also, in which one can find the remainder of the mechanism.

I am not a person with a good sense of space relations, but it seems to me that we do

know this structure of DNA reasonably well and we know it is coiling. It is coiled in two

ways, at least a minimum of two ways: it is coiled in the Watson-Crick manner, and it also

has to fit into the cell. It is 800 times longer than the cell, so it has to coil into the cell some-
hove, we know that.

It is coiled in this double way, and it either has to move through while uncoiling--through

this polymerase mechanism which somehow provides the basis for it--and so either one or the

other must move along. It seems to me that we already have a pattern which a person with

any kind of a three-dimensional mind and any kind of sense for what goes on could set up as a

theoretical project. Now we can draw up a list of all the items, that I can think of as theoreti-

cai projects. One of the by-products, or maybe the major product of this conference, should
be that.
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THEORETICALPROJECTS

Examineandcharacterizeasmanypurelyphysicalprocessesaspossible.
clusionsclearly so thattheycanbeunderstood.
DNA

1.
2.
3.
4.
5.
6.

DNArotation.
Topologyof DNAreplication.
Genetic"hot spots"andphysicalcoiling.
Separationof DNAat "readout."
DNAelasticity.
Precisionof synthesis.

TRANSFER
1. Transportof protein to organelleregions.
2. Assembly of mitochondria.

3. Energy transfer in enzyme "blocks" (multiple enzyme systems).
4. Metabolite transfer in channels.

STRUCTURE

1, Packing of protein and lipid.

2. Contractility and "transferases" (in transport).

3. Theory of multiple chains for genetic complementation.

4. General theory of protein secondary and tertiary structure.

Q

Write out the con-

To go back to what I threatened to start off with, to give a picture of the cell and then

suggest some things that I can also see are necessary, I would like to suggest a second one--

namely, the precision of synthesis. I suspect one can actually examine the precision of syn-

thesis for DNA, RNA, and for protein.

To come back to what I was going to say: what begins to appear for the picture of a cell,

and which now starts to invite theoretical discussion, are such things as these. First of all,

this cell is drawn on a very much larger scale than normal; we have two layers. In this case

we have the outer layer of some kind of polysaccharide structure. Incidentally, this struc-

ture is beginning to become fairly clear; it can be drawn. I do not know how to draw it, but it

can be done. The attempt is in figure 5.

And then we have Dr. Danielli's double layer, which is the membrane. Inside this we

have, presumably, some kind of a system of these blocks of enzymes, which are present and

which are channeled in some manner. The surface of the cell is drawn in this sort of way and

into the inside region we are not permitted just to quietly draw something repetitive because

we are almost certain they are all different. They may, perhaps, (and this is possible) be

patches, but it is doubtful if they are.

We have, presumably, some sort of a gateway mechanism, and these are the "permeases,'
if you like that word.

GREEN: Dreadful.

POLLARD: Is "pumps" all right?

DANIELLh Stick to permeases.

POLLARD: These are the permease molecules which can somehow pick here a glucose and here

some amino acid, or something like that, and which can put them into the proper pathway and

reject the others so that the space does not get jammed. Somehow or other we have to see
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this extraordinary mechanism--look at this in a sort of sectionalized way, in terms of DNA..

In DNA these turns come around. If this is how it is done (this is what Dr. Forro is going to

tell us about; I am setting up his part of the conference ahead of time), there are sectional

turns of this DNA going around. Somewhere at some point (and this is a sort of once in a

while) will be this factory which contains these triphosphates; they are not going to get there

by a miracle so, presumably, there is a relationship to these mechanisms which are forming

things inside the cell.

Now, there is much more than that. What I have drawn is essentially the outward apparel

of the cell. In a sense, this is dead and gone. The life of the cell, the whole thing which is

the vivid, actual living process in the cell, is down below. We are going to be impelled to

think about this because what is supposed to occur is that, coming off these strands (DNA
separation) at some stage (this DNA is supposed to separate here), we see this momentarily

like this. We will pull the message. So, looking again always in sections, we pull the mes-

sage off. This message is then, in turn, conveyed by some mechanism to five or six objects.

This is somehow strung along and on the far side one unit comes off of one of these proteins.

The proteins are made in blocks, and somehow one of these units of protein gets into its
structure.

When we make a picture like this, we realize that it is a far cry from the crude reaction

vessel idea. I will put a little thymine out here, and this will then be doing what I want it to

do here. The mechanism by which the thymine gets inside, gets hooked onto all the things it

has to be hooked onto, and finds itself in the synthetic region for DNA is a long and multiple
mechanism.

What I would like to suggest is that we have still more theory to think about. There is

the energy transfer in enzyme blocks. There is the metabolite transfer in channels. An-

other one is the separation of DNA and "readout." This is where the messenger is actually

taken off. Therefore we have sets of problems (see "Theoretical Projects" above) that come

to us. I would like to suggest another one, and that is the transport of protein to the organelle

regions, the regions where the enzyme works in blocks. If they do not work the way Dr.

Garfinkel says they do, then they have to be put in an organized form. But we know that they

are made somewhere down in this secondary structure, the structure of the DNA and RNA

which is secondary to the factory.

DANIELLI: Are you postulating that the sets of enzymes involved in one organelle are made se-

quentially along a DNA strand, or are you postulating that they are made in different chromo-

somes and then are assembled by some special mechanism ?

POLLARD: According to Demerec, the cistrons that make these proteins are put together so that

they are probably made sequentially; thus you can imagine this whole mechanism of produc-

tion of one of these blocks of enzymes being read out on the DNA.

BAUTZ: Not necessarily though. The genes of the arginine pathway are distributed all over the

genome.

POLLARD: Nevertheless, there are pathways for which the genes are contiguous.

BAUTZ: This is right in most cases, but there are exceptions.

ATWOOD: The reason they are contiguous in such cases may be irrelevant to the problem of

organelle-bound enzymes, which is that they can all be controlled by a single controlling ele-
ment that turns them on and off at once.

DANIELLI: You do not mean turn on and off; you mean made or not made simultaneously.
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ATWOOD:Yes, I mean that the members of such gene ensembles are linked so that the enzymes

will be synthesized in proportional amounts.

• YCAS: This is an important point. Enzymes controlled by the same operon are not synthesized

in equimolar amounts.

ATWOOD: They are proportional.

YCAS: They are proportional, but the proportion can be varied, for example, by changing the
temperature.

DANIELLh The point is, however, is it a special case when there is an operon for a particular

system--that is, a special case which has been overinvestigated compared with other cases

because it is easy to handle--or is it really representative? Even if related enzymes are

made by peeling mRNA continuously along a strand of DNA, there is still a problem of ar-

ranging the resultant enzymes to be put in a packet. But if the mRNA's involved are made on

different chromosomes, then a still more difficult problem is involved.

POLLARD: That is right. If they are not made contiguously, then this transport problem be-

comes a serious one and one which is of great interest. How do these things know to marry

up and form the right line? It sounds like a miracle to me.

Just offhand, I remind you that these form fast. One must remember that the structure

I have drawn (fig. 5) is all made and finished and in beautiful shape in 22 minutes.

DANIELLI: Your postulate would mean that the messengers come off particular sections of DNA

and get packaged together again in another part of the cell where the protein synthetic mecha-

nism is. That could, I suppose, conceivably cover both eases, could it not? That is, where

you are dealing with one operon and where you are dealing with messengers from different

chromosomes--they could still be packaged in one place for protein synthesis.

POLLARD: To tell yo,_ the .tr_,!tb, ! have r,J_ out of my indi_dua! ability to think. All ! am_ __,g-

gesting is that this should be thought about. I, myself, have not reached the stage of trying to

imagine how a system of 10 enzymes can become assembled, put onto the membrane (or close

to the membrane), and put in their functional place. The strange thing that begins to form in

my mind is this peculiar, weird biological crystallization process which seems to occur--this

sudden requirement of the ordered form in a complex system. Remember that these are dif-

ferent enzyme systems forming. "How can that happen?" is the question I am asking.

Really, all of these things come down to that question.

ROBERTS: What is the matter with the concept of a jigsaw puzzle to account for the assembling

of these systems? They more or less shake around until they assemble as a jigsaw puzzle

might.

POLLARD: That is right, but I think that can be calculated theoretically. I am not saying I can

calculate it, but I am sure it can be calculated.

YCAS: The ratio of the cytochrome components can vary depending on the genetic background.

GREEN: That certainly is not true for the well-defined organelles. Very precise geometry ex-
ists there.

YCAS: I would object to this because yeast or Neurosp0ra can have mutations which will, for ex-

ample, knock out everything but cytochrome C, and the amount of cytochrome C increases by
50 to 75 percent.

GREEN: Yes, but that kind of evidence is not really relevant to the question of how much cyto-

chrome C is in the organelle. The determination of cytochrome C in the whole yeast cell may
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mean absolutely nothing as far as the stoichiometry in the organelle itself is concerned. Most

of these studies involve the determination of the total amount of cytochrome C in a cell. Cyto-

chrome C may exist in storage form, and the actual concentration in the cell is not necessar-

ily the concentration in the organelle. The question is this- Do you have variability within

the organelle? I do not think there is any evidence that such exists.

YCAS: In Neurospora there is a so-called poky mutant in which the ratios of the cytochromes
are changed.

GREEN: In the cell or in the organelle?

YCAS: I have always assumed this is always in the organelle.

GREEN: Ah, that is a very dangerous assumption.

YCAS: Is there any evidence that cytochrome C can exist outside the organelle ?

GREEN: It must, I suppose, in some bacteria which can apparently produce it in very large quan-

tities, far beyond the stoichiometry with other components. What I am saying is that when

the individual organelle is isolated no evidence for such variability in stoichiometry is found.

YCAS: This is in mammalian tissue?

GREEN: Mammalian or plant or even bacterial systems--wherever such studies have been car-
ried out.

DANIELLI: That cannot really be true because chloroplasts can wary in composition tremendously

as far as the lipid components are concerned, and the lipid component is just as important a

fraction of the mosaic, so to speak.

GREEN: Yes, I think the lipid is; but lipid is not necessarily concerned with the oxidation-reduc-

tion components of the chain. The lipid composition does have some variability and is an ex-

pression of the lipid concentration or composition of the cell as a whole. There is that vari-

ability, admittedly. It can be changed within limits, but not very much. For example, one

class of lipid can never be substituted for another. There is, in fact, a great deal of con-

stancy with respect to the species of lipid molecules, but the question of the lipid is a red

herring altogether. Actually, we are talking about the oxidation-reduction components.

These are the essential parts of the electron transfer chain.

DANIELLI: Yes, but I do not think we ought to confine our discussion to that because the question

raised was whether these organelles would spontaneously assemble if their components came

into existence individually.

GREEN: On the basis of what we now know about the organization and structure of the organelles,

I would like to eliminate the idea that these could be assembled spontaneously or like parts of

a jigsaw puzzle. The spontaneous formation of organelles from the individual molecules is

so improbable that I think it is not worth speculation.

Therefore, the question as to whether the parts are made in one chromosome or many

chromosomes will not affect the picture. The issue is the type of mechanism required to

assemble these things in a meaningful, reproducible fashion. This assembly would appear to

require a specialized system.

DANIELLI: I agree with you about that.

GREEN: It is the nature of the assembly system that should be our concern. Where they are

synthesized, whether all in one place or many places, may be secondary because there is

still the assembly problem, regardless of where they are made. It is not more efficient to
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assemble them if they are made in one chromosome. The problem of assembly still
remains.

ATWOOD: But it is possible. A series of proteins could be made as a single polypeptide chain

with only one N terminal and one C terminal. I think it is unlikely that this happens, but not
imposs_le.

GREEN: "Unlikely" would be an understatement. That is a picixtre of the membrane which is not

a valid one. The picture is one of a sequence of proteins arranged in some linear fashion.

That picture does not correspond at all to what is found in the cell because protein and lipid

are interlarded, with the protein in varied arrangements. There is as much complexity in
the structure of a membrane as there is in the structure of a single protein. If it is assumed

that membranes can be put together, it might as well be assumed that proteins could be put

together by mixing amino acids. There has to be a high degree of order, which I do not think

can be achieved by any spontaneous interaction of parts.

FREMONT-SMITH: Could we say that "spontaneous" means by mechanisms not yet understood?

GREEN: No, "spontaneous" means that no external agency would be required, that just by --

FREMONT-SMITH: In most spontaneous action, has it not been discovered later that there was
a mechanism that had not been understood?

DANIELLI: I think that is a philosophical question.

FREMONT-SMITH: I wanted to raise it.

TOTTER: I think Dr. Green has just set back spontaneous generation of life another billion or two
years.

YCAS: Is it not possible that it might be a relatively simple repeating structure which will arise,

perhaps by some process such as crystallization, and this repeating structure will then have

a certain affinity for different components? I do not see why it is totally unreasonable to
imagine this.

GREEN: It depends on the simplicity of the structure. If there is a repeating polymeric protein,

yes. But where there are a large number of repeating structures, a large number of com-

ponent parts, and an infinite number of possibilities for arrangement--and only one unique ar-

rangement-then I think it is difficult to talk in terms of spontaneous interaction leading to a
particular species.

YCAS: But the number of components might really be small.

SZENT-GYORGI: I would not accept Dr. Green's statement that mitoehondria could never assem-

ble spontaneously. I can see many ways in which they can assemble. I have no evidence, but

it is a very great order to say "never." One must think it over twice before he says "never."

A protein molecule is such a very specific and complex surface that one can imagine it

linking up with only a certain type of protein and then again with another: thus I can well see

the possibility of assembly. If the tobacco mosaic virus can assemble spontaneously, why
should not the mitochondria?

GREEN: But suppose I asked whether the tobacco mosaic virus could be reassembled, not from

the protein coat and the nucleic acid already formed (that is just a matter of bringing the two

parts together), but starting from the much simpler units, perhaps the polypeptides or amino

acids, or even the fundamental subunlts of the virus. That, I think, would be quite
improbable.
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Whatyouare sayingis thatthepolymerizedcoatproteinandnucleicacid can be mixed,

and these two elements will reassemble to form a virus; but the same thing can be done with

parts of such complexity. The electron transfer chain can be reassembled from parts that

have been dissociated. But to start de novo with all the component molecular species of the

mitochondrion and expect these to reassemble spontaneously to form a mitochondrion would

involve a high degree of improbability. I doubt that a unique arrangement of these parts

could be achieved by a spontaneous process.

SZENT-GYORGI: That is different. You say a high degree of improbability; from high degree to
zero is quite a jump.

McMULLEN: I think we can derive a picture of the way this improbable event could occur from

the working molecular models of Professor Penrose at University College, London (ref. 6).

He has devised a jigsaw system--in other words, working models representing amino acids

and nucleotides made, in fact, from plywood. These have interacting parts representing

bonds of various kinds, including high-energy bonds, in which an elastic band is used for
reinforcement.

On simply applying energy to these models--in other words, on shaking--they do in actual

fact line up, only in certain directions and in very definitive pairs, triplets, and so on. By

supplying energy in this way, admittedly in some cases in a confined area that may repre-

sent a structural portion of the cell, Professor Penrose can demonstrate replication of pro-

tein molecules from a template, feedback mechanisms, etc. He has produced several re-

markable films illustrating these models, which I think everyone here should see. They are

thought provoking indeed.

POLLARD: Are these published anywhere ?

McMULLEN: Yes, there is a publication on this in New Biology (ref. 6).

ENGELBERG: The Scientific American also had an article on this (ref. 7).

MOROWITZ: There is a general issue here in the construction of organelles, which, I think, is

one of the important generalizations of biology, that is, the uniformity of membrane struc-

ture. I think Dr. Green was stressing the diversity of membrane structure, but it seems to

me that there are at least three features of membrane where a surprising uniformity exists.

One is from electron microscopy, where there is a fairly narrow range of what is seen in

the scope--given a standard fixation and staining technique. This is the unit membrane that
people now talk about.

In addition, the capacitance per unit area of all the membranes that have been measured

(and this is quite a wide variety of cells) lies between 0.5 and 1.5 microfarads per square

centimeter. The limited data I have seen on gross chemical composition of membranes also

suggests a great similarity. Therefore, I wonder if there is not really a kind of important

generalization around the corner.

ATWOOD: You are faced always with these alternatives when you see such a uniformity: Either

it is historical accident--that is, it is uniform because once successful and this system will

continue to persist as other things evolve--or else it is a necessity for subbiological reasons.

You have the same problem with the appearance of flagella. On cross section they are

all alike, no matter where they occur--nine "5-er's" in a circle and two in the middle. Is it

because this is the only way one can be made, or is it because the first one was made that

way and it has just been inherited from that time on? I tend to think the latter is more likely,

that these uniformities indicate common ancestry rather than a physical necessity.
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PITTENDRIGH: This idea can be extended even further. Why is adenine present in so many es-
sential constituents in the cell ? Is it because adenine alone can perform a certain chemical-

physical prerequisite in these molecules, or is it simply because, given the available bases

of purines in the cell, we continue using adenine while there may be half a dozen other ways

in principle?

I had one other question I wanted to ask, which is one purely for information on this dis-

cussion of assembling proteins and then obtaining the solid state, the appropriate solid state

array afterwards in mitochondria. It so happens I was discussing this with an elementary

class a little while ago, and it occurred to me that I did not know of any gene having been

mapped on a chromosome that was responsible for any of the enzymes in mitochondria.

YCAS: There are. In yeast, structural mutations of cytochrome C are known. Fred Sherman in

Rochester has quite a number of them (ref. 8).

PITTENDRIGH: That mapped?

YCAS: Yes.

PITTENDRIGH: He is bound to have mutants. The question is whether they are nuclear.

LEVINS: With Drosophila experimentation in the laboratory where there is intense selection con-

ditions we can get a rate of change, atleast over shorter periods, of something like 100 000

times faster than the equivalent rate of evolution in nature. This is without knowing anything

about the underlying physiology. Therefore, with the appropriate manipulation it might be

possible to try to obtain intense selection using unusual biochemical components and let the

cells tell us how different they could be.

ENGELBERG: I was thinking that the basic issue here about the way mitochondria are assembled

really has more basic meaning in biology. It seems that it is the old question of precision

versus just throwing things in a bag to automatically form various parts. Historically speak-

ing, the pattern has been to assume an unprecise mechanism. Thus, at the turn of the cen-

tury it was believed that a cell was just a container in which chemical reactions took place in

solution. As more discoveries were made, we found instead that the fundamental processes

were regulated with great precision. Thus, in a discussion on the assembly of mitochondria,

past experience would suggest that we should be very careful about placing too much emphasis

on the possibility of components spontaneously coalescing.

A question raised by Dr. Friedenberg during the recess has to do with the basic as-

sumptions _bout what set of physical laws we are entitled to use--the question of localization,

for example, that Dr. Morowitz raised here. I wonder whether, at this point in the confer-

ence, it might not be worthwhile for someone to say a few words about his thoughts on, for

example, Elsasser's point of view concerning what physical laws to use at what levels of bio-

logical thought (ref. 9).

POLLARD: I, personally, do not have any comment on that. I feel somewhat out of my depth

here. I do agree that it is possible that one more physical law remains to be discovered; and

this will be found in biology and, perhaps, elsewhere also. But the only mechanism I know to

find such a law is to try everything else and then look very closely at the failures, ff any. If

we do not find any failures, we do not need any more laws.

The laws that I privately have been thinking work are the laws of quantum mechanics and

the laws of electricity plus the additional law of evolution, which is the one biological contri-

PITTENDRIGH: I may not be entitled to ask this question because I was unavoidably late this

morning. However, I am a little perplexed about the title "De Novo Cell Synthesis," because

we know nothing about this.
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Another point relates to this mitoehondrial discussion; there is no de novo mitochondrial •

synthesis, either. Surely at the very heart of this business of how things are ordered is the

fact that the cytoplasmic organelles are remarkable in that they do not arise de novo and that

presumably they contain their own ordering principle within them.

GREEN: Do tell us about it. This is an interesting comment. How do they arise? You say not
de novo?

PITTENDRIGH: No, all mitochondria arise from preexisting mitoehondria.

GREEN: That is news to me. What reason do you have to say that? Is this notion part of the

mythology of this field?

PITTENDRIGH: There certainly is very good evidence for the chloroplasts.

GREEN: But let us talk about mitochondria and see what we can make of this.

DANIELLI: Would it not be better to wait for this discussion until Dr. Slonimski arrives. He has

quite a contribution to make to this, if I understand correctly.

FREMONT-SMITH: I do believe Dr. Pittendrigh asked two questions which have not been an-

swered, and I think some reference should be made to de novo cell synthesis. In other words,

let us briefly review the discussion this morning to bring him into the picture. I think it

would be good for us all.

POLLARD: The only thing I said this morning was, when we speak about de novo cell synthesis,

is it conceptual? One can imagine a way in which amino acids, nueleotides and DNA can be

made; and one can draw on this all the way through until, essentially--if not in the laboratory,

then in the mind--there is no step which could not be done.

Now, this will mean, certainly, the synthesis of a mitochondrion from some parts of it;

and it would mean the synthesis of those parts from something further back. Or it would

mean the discovery that we do not need to synthesize. This is like a salt crystal: Put the
salt there, and wait, and it occurs. This we did bring up--the idea of putting three poly-

merases together in a jar and, boom, it would work.

MOROWITZ: The problem I want to raise about de novo cell synthesis is the problem of the level

of organization, which I think has been confusing us all morning. Each of us says "cell syn-

thesis" and thinks about the cell he is working with; yet these are vastly different in order of

complexity and, even, in order of magnitude and size. I want to stress this: The mitochon-

dria that we talk about are larger than the E. coli that Dr. Pollard talks about. Indeed, these

mitochondria are as large as 1000 of the cells I am going to talk about; we could put about
1000 PPLO into a mitochondrion.

I think this difference of level is rather confusing. If we talk about de novo cell synthe-

sis, I really think we would be on the outer limits to worry about synthesizing a cell with a

mitochondrion when the mitochondrion is probably more complex than the total cell we want
to think about synthesizing.

DANIELLI: Larger, not more complex.

MOROWITZ: If Dr. Green is right, it is more complex.

GREEN: No, what I want to say is that the size of the mitochondrion is almost irrelevant. We

can imagine the mitochondrion being smaller and smaller and smaller until finally we reach

the point where we have just a segment thereof (which we could have in bacteria) but, in kind,

no different from the more complicated, larger structure because it is a repeating unit.
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Let us say a mitochondrion may have 50 000 of a particular type of particle; it could have

only 10 or 5 and still be, in gross structural pattern, the same. Thus, size is not necessarily

the determinant. It is the qualitative aspect that is important, whether the character of the
structure is the same in the smaller unit.

I believe you made a point earlier, which was very well taken; namely, that you are deal-

ing with a fundamentally similar architecture in these membrane systems. That is why mem-

branes look alike and have some compositional similarities. But this, I think, is the common

element in all cells. One of the most striking things about the mitochondrion is that whether

you isolate it from plants, or even its equivalent in bacteria, or from animal tissue, it has

the same type of chemical architecture and composition--extraordinarily similar.

PITTENDRIGH: I wanted to respond briefly again to Dr. Green's question as to what evidence I

had in mind. I was thinking that once you lose mitochondrion from the yeast, presumably in

the poky situation, you do not get them again.

YCAS: You do not lose them, though.

PITTENDRIGH: In the pokies ?

YCAS: In the petites. They still have mitochondria, but the mitochondria lack some of the cyto-

chrome components.

PITTENDRIGH: I was wrong. I thought you actually lost them, which would be analogous to the

cases in the chloroplast situation.

POLLARD: I do believe we have a whole day on the organelles tomorrow, and it would probably

be wise for us not to spend today on that subject. We are, perhaps, using the time a little

unwisely by talking so much about mitochondria.

TOTTER: I would like to raise one question concerning this that I think we have overlooked so
far_ Ttwould h,__,_..,_._e._1_.._ if o_meo,_e would talk about the ."_+'_°__ _.... _ _ _*^-

chondria as compared with the rates Dr. Pollard mentioned a while ago for other things.

Possibly this would give us a limit which we could put on the probability or improbability of

one being assembled spontaneously.

POLLARD: Let us discuss that tomorrow.

DANIELLI: Yes, this is a special item--synthesis of organelles.

HOFFMAN: I would like to make a comment about one of these subjects. About a year and a half

ago, I attempted a calculation using a classical mechanical model. With the assumptions that

the enzyme was much larger than the substrate, that the forces involved were central forces,

and that the enzyme was faced with a linear substrate gradient, I calculated a relative veloc-

ity of the enzyme with respect to the substrate. The direction was such that the enzyme

moved toward higher substrate concentrations but the magnitude was microangstroms per
second.

POLLARD: There is in these channels, I am quite sure, much actual straight "pumping." That

is to say, just like a vacuum pump, at one end is built an amino acid into protein, and it is

gone out of the solution, thus, there is a concentration gradient that way.

HOFFMAN: This was a sort of pumping from one enzyme to another. For instance, if they are

locked on a mitochondrial system, or if one enzyme is followed by the other, it may be pos-

sible that the substrate moves automatically in the right direction.

POLLARD: I would like to make a plea for one thing which could be built up as the result of this

group's going home and working and, perhaps, writing some papers for Dr. Danielli's journal.
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That is, it would not be a bad idea if everybody explored systematically what might be called

trivial physical explanations of biological thinking. Pumping by the freezing up of metabolites

on structures is one mechanism of transport that might be considered.

Consider Solomon's picture of a membrane as a bowl of spaghetti that is shaking and so

opens up pores and lets things through and then closes up again. Such a picture can be subject

to physical thinking, and one could actually work out the theory of a membrane in those terms.

If all these sorts of nonliving, purely physical things could be determined as to size and,

so to speak, listed in almost an encyclopedic form, it would be very good. Then I think we

would find that none of them work, but it would be nice at least to know that.
Dr. Roberts has said that he would like to talk for 5 minutes. He has a rate of synthesis

he wants to discuss.

ROBERTS" I would like to talk more about the synthetic rates that Dr. Pollard introduced. The

DNA in col...__ihas a molecular weight of 5×108 or 8×10 G nucleotide pairs. It is duplicated in a

1-hour generation time, giving the same rate that Dr. Pollard reported. His was for phage,

and the rate is 4000 nucleotides per second in growing coll. The DNA growth rate can be in-

creased by, roughly, a factor of 4 either by virus infection or by putting the cells in a better

medium; but in both instances it takes some time before the new growth rate is achieved.

In the virus case there are both more points of synthesis and more polymerase. In the

better medium there is only more polymerase; thus, it does look as if this rate might be lim-

ited by the supply of polymerase.

Turning to the rates of copying this DNA, Spiegelman* showed 0.02 percent involved in

soluble RNA synthesis. This is enough to make 40 different kinds of S-RNA molecules. It

develops that these are made at a rate of 2000 copies per generation. The average time re-

quired for each is 2 seconds.
The next unit is the ribosomal RNA. Spiegelman* has found 0.32 percent of the DNA

complementary to R-RNA. McCarthy and Bolton (ref. 10) find 0.4 percent. I will use 0.4

because that applies to Coli where we know the molecular weight. For 12 regions, each of

which can make the full RNA for a 70 S ribosome, 0.4 percent is enough. These turn out

1000 copies per generation per site, and the rate per site is 1000 nucleotides per second.

The rest of the DNA is concerned with making the messenger, or DNA-like, RNA. One

strand is read, but not the other. If we plot the genes in their order of activity, so that the

most active ones are to the left and the less active ones to the right, there is a very sharply

peaked distribution. Roughly 70 percent of the genes seem to be making one copy per genera-

tion. About 1 percent seem to produce around 200 copies per generation. The rest fall in the

intermediate region. (See fig. 6.}

I think one copy per generation is an interesting number because it may imply that these

genes only become active as the point of synthesis passes over them. Of course, these genes

can be converted from this type into the fast type simply by induction; thus, there is nothing

peculiar about the gene itself.

We now turn to what limits the rate of synthesis. Perhaps R-RNA synthesis is limited by

the supply of nucleotides because, on putting the cell in a better medium, its rate goes up im-
mediately. The same number of copies of S-RNA are formed in a generation, regardless of

the generation time. We do not know about the variation in the rest of the system but suspect

that the total will remain about constant in relation to the ribosomes, although the spread

may be broader in a poorer medium.

YCAS: I think Dr. Roberts is considering two distinguishable phenomena. One is the number of

times a gene is read per unit time; the other is the rate at which a single molecule is

* Personal communication.
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assembledoncesynthesisis
initiated. It is conceivable

that the two might be subject
to different control mecha-

nisms.

ROBERTS: I think we can be sure

that they are all fast, once

they are initiated. In partic-

ular, if we calculate the syn-

thesis of templates for beta

galactosidase, the average

rate is something like 18 sec-

onds. But the enzyme can be

seen already in 15 seconds;

therefore, I believe that it is

made at the rapid rate of

1000 nucleotides per second,
which would take a few sec-

onds. Then it waits for 15

seconds before it is read the

next time.

DANIELLI: How many poly-

merases, molecules of the

polymerase, are present?

ROBERTS: I do not know that.

POLLARD: That is not too rele-

vant because it is the one

strand of DNA that is being
read. We do know that one

agent, only one agent, is

active. There may possibly
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Figure 6. ---Genetic sites in the DNA arranged in order of

their activity in making RNA copies. The total popula-

tion is represented by the area under the curve. The

DNA may be represented by a horizontal line since, by

definition, there are equal numbers of each genetic site.

For any experiment the position of this dotted line repre-

sents the DNA-RNA ratio employed. Then the area A

represents RNA molecules homologous to saturated sites

in the DNA, B to RNA molecules adsorbed on saturated

sites, and C to RNA molecules adsorbed to DNA sites, of

which more copies are available. (Ref. 10. )

be 8 or 10 polymerases, so to speak, marching down and leading this stuff off;, but it is being

read off one strand in any one place. If I understand you correctly, what you are saying is

that the ribosomal RNA is being read off at a rate of 1000 copies per second.

ROBERTS: No, 1000 copies per generation; 1000 nucleotides per second per site for 12 sites.

DANIELLI: The point I bad in mind was that, while in some parts of the genome the read off is

1000 copies per generation, in other places it is only 1.

ROBERTS: That is right.

DANIELLh So, it could not be polymerase running the whole length. Perhaps there are many

different polymerases that act on separate sections. There might even be some exclusion

principle so that only one polymerase could be present on the total strand at a time; but there

could be different polymerases at different times. There must be some way of differentiat-

ing, at any rate, between 1000 copies per generation and 1 generation. That is the point you

are making, I presume.

ROBERTS: Yes, and I do think it is polymerase that limits the rate of RNA synthesis. If a new

enzyme is induced, production is started immediately. There is no time to synthesize new

polymerase.
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Figure 7. --Log-log plot of the effect
of various IPTG concentrations on

the steady-state rate of _-galacto-

sidase synthesis and on the time

constant. Experimental data pre-

sented as circles. Solid circles

describe effect on rate of synthesis.

The corresponding line is theoreti-
cal curve of I2/I2+K 2. Open circles

describe the effect of inducer con-

centration on 1/T_ with the corre-

sponding line that of I/I+K', IPTG

concentration is moles per liter.

(Ref. 12. )

DANIELLI: It may still be there all the time; it is

just put to work.

BAUTZ: If there is just the polymerase, another

component must be added to activate it. Then
the induction would be that the inducer acts on

the polymerase.

DANIELLI: How many molecules of inducer are
needed to obtain induction?

ROBERTS: Induction is a complicated function of the
inducer concentration. It has a saturation char-

acteristic. I think you have full induction at
about 10 -4 molar.

DANIELLI: How many molecules actually have to get
into the cell to do this ?

ROBERTS: Oh, a great many. I do not have the ex-

act number in my head, but it is millions.

YCAS: Except penicillin, where not more than 80 is

necessary.

POLLARD: Eighty molecules of penicillin will in-
duce what ?

YCAS: According to Pollock, (ref. 11) that is the

number necessary for the continuance and maxi-

mum production of penicillinase by a single cell.

POLLARD: How large is that cell?

YCAS: It is about the size of E. coll. I do not know

exactly.

ATWOOD: But that is a case where induction is ir-

reversible, in contrast to the induction of beta

galactosidase.

DANIELLI: But why are all these molecules needed?

ATWOOD: The equilibrium between repressor-bound inducer and free inducer for z-galactosidase
is far in favor of the free.

DANIE LLI: This means the site at which the inducer combines does not combine with it very strongly.

ATWOOD: Right.

DANIELLI: This is odd, because it combines very specifically, but it does not combine very
strongly. How can we differentiate?

ROBERTS: I can draw the actual concentration dependencies (fig. 7). If we induce with the maxi-

mal level of inducer and at low level, two things change. One is the slope; the other is the

time constant. If the rate of enzyme production is plotted against inducer concentration, the

curve goes up and saturates; but initially it has a slope of 2, indicating a two-molecule step.

The time constant has a slope of 1. It takes quite a series of equations to obtain these two
different inducer dependencies--one dependence for the rate and another for the time constant

of induction (refs. 12 and 13).
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DANIELLI: That time constant is not a time constant for permeation into the cell?

"ROBERTS: No. This is done with an ML3, which is so-called permease negative (refs. 12 and
13).

B. FUNCTIONAL STRUCTURES

Discussion leader: F. Forro

POLLARD: We are beginning to move into the conference a bit, and I think we should now ask Dr.

Forro to take over on whatever he wants to talk about. I would like to think that this after-

noon, when we get to Dr. Morowitz, we will still have enough time so that this whole thing

can go around. What we have to remember is that soon I am going to be chairman of a com-

mittee that designs the cell. In the program there is a round-table discussion; and since we

are going to put the cell together, we do not want to waste our time on frivolities. I will now

turn the meeting over to Dr. Forro.

FORRO: I am certainly not Dr. Pollard in respect to theoretical biology, as indicated last night,

and you would be amazed if I tried to lead the conference as if I were. Perhaps it has been

stimulated enough, however, to proceed in essentially the same way, with individuals asking

questions as they have already.

I mentioned last night that I was interested in de novo cell synthesis. I have always had

faith that some day, hopefully within my lifetime, someone would be actually able to bring

about what has been denied as possibly occurring her_, that is, to produce a coalescence of

molecules, presumably macromolecules, having the general features that we might consider

to be living. That faith has been alternately shaken and reinforced over the years. There is

very little to go on except to examine cells as they exist in order to obtain our clues.

We always break down on the idea of resynthesis. Things seem to be too complicated

when we start looking at the individual parts to be able to put the whole picture together by

starting with any one item that we think we have some understanding of. However, this does

not shake my faith. But I still think that possibly we will not accomplish the whole thing be-

cause we must rccognize, as has been said thi,_ morning, that the cells we are dealing with

may have been built with something that we do not see at the present time. If we start resyn-
thesis from constituents, we may never be able to do it because parts of the system were

made in some way, possibly back along the evolutionary scheme by some machinery which has

been dispensed with, which puts in information that we cannot see just by looking at the cur-

rent sample and trying to make a cell sort of coalesce from current ingredients.

Nevertheless, I think the only way to proceed is to assume that this may not be so and to

keep examining and probably to keep prodding ourselves once in a while to ask: "With what we

do know could we, in fact, specify conditions where we could have the individual ingredients

and bring them together in some way that they would produce the essential thing--a separate

physical entity which would multiply, making use of the ingredients within the medium to
build materials of itself?"

I think this is what I mean by de novo cell synthesis. I will be happy only when I see it

accomplished in a test tube and not just a theoretical accounting on paper of how the biological

system now behaves. I believe that the experimental reconstruction is the necessary demon-

stration in connection with reality of a theoretical conception.

Earlier, it seemed to me that, when we looked at cells, one of the things we were struck

with in biology is that cells are cells because they have a certain stability. In multiplying, it

is stability that is characteristic of them, although it is the tendency for geneticists to think

of change as being the characteristic thing. Change is a rare event which gives them their

long-term abi!i_ to _:r_ve And to be selected for and to evolve, but the division-division

feature is, in fact, their stability. Then, in the late forties or early fifties, it seemed to me

that there were two ways of thinking about this process. One way was that there exists a

beautifully systematized, coordinated group of reactions having a cyclic course: every time

a new cell is produced there is essentially a recapitulation of the cyclic set of reactions that
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had occurred in a previous generation with the possibility of little or no molecular continuity

for any given molecular species.

The other way was that there actually is material in the cell that serves in the current

notion of a template. It provides the source of information that the cell uses for what it is,

and it also provides the continuity for the next cell when one cell becomes two. This led to

asking "What could this be?" It was not difficult to guess, even back in 1950, that DNA was a

likely candidate. Thus, the question, "Is DNA a material that is molecularly conserved?"

was the one I found myself asking. I thought this would be an essential point to know if one

were going to think about de novo cell synthesis, because at least one would not want to start

off on a completely wrong tack. Possibly there are many ways to construct systems that a

biologist might consider living out of all the material existing in the world, but I think we

would like to take our clues from living matter, at least. Therefore, it seemed appropriate

to ask this question of the current living matter.

This question has involved me in details of DNA's behavior. I probably operate with

some prejudice because I think we have to know something about its replication mechanics be-

fore we are really going to get very far because DNA seems to continue to be the central item

that has to be replicated before the organism replicates. Therefore, it would be appropriate

for me to tell what I think I know about bacterial DNA.

Perhaps I should start off by posing a slightly different view of a bacterial cell. I will

put it up as an electron microscopist sees it, and this view has always posed a problem as to

whether the electron microscopist is seeing it right. Dr. Pollard looks at it at a much more

microscopic level than I.

A bacterial cell is an object having an outside cell wall, quite a heterogeneous material

made up in some part by subunits that have been characterized and that seem to have some

relationship to the bacterial shape. That is, if the cell wall is taken off a bacterium, it is a

spherical object; in other words, it is not the internal structure but the cell wall that gives

the bacterium shape. Inside the cell wall there are characteristic double-walled membranes

(as indicated by the single line in figure 8).

There also seem to be two phases in the cell: one that is relatively electron transparent

and one that is relatively electron dense. In the electron-dense phase there is granular ma-
terial that in some cases looks to be about the size of materials that have been isolated from

cells and called ribosomes. The electron-transparent phase has a checkered history. In the

early days, I guess people saw irregular electron-dense material in a mostly electron-
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transparent background.

As time has gone on, it seems that

people have learned how to fix the cells,

presumably to preserve that region, and

they now see it as either a disorganized

group of very fine fibrils, somewhat as

in figure 8, or they see it as considera-

bly more organized, with regions where

many fibrils can be seen, somewhat re-

lated to each other in sweeping arrays

that may curl around in various parts
of the cell.

Several years ago people were in-

clined to say this was DNA. They looked
at it and it looked like DNA, so that

Figure 8.--Schematic view of a typical bacterial
cell.

seemed reasonable. Then we were work-

ing with tritiated thymidine in studies on
chromosome replication, and it seemed
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reasonable to ask the question, "Is, in fact, the DNA localized in this kind of picture ?" Van

Tubergen and Caro (ref. 14), then graduate students atYale, undertook the sectioning of bacterial

cells which were labeled tritiated thymidine. From studying both serial sections and random

sections, they were able to correlate the extent of that region along the length of the bacteri-

um with the number of sections that were labeled. They made a case that this is the region

where the thymidine is located, which means this is the region where DNA really is.

The reason I got on this theme is that I think this is the way we think about it. The cytol-

ogist tells us there are nuclear bodies in there, and he bases this belief on the old days' evi-

dence that things can be seen in the light microscope on fixed preparations which are appro-

priately stained. With the electron microscope this seems to be borne out on fixed prepara-

tions, and so we may be very happy with the situation.

I think we have only one possible reason to say that this is the way it is in the living

state. Possibly somebody may know more than I do, but the only thing I can say is that people

have adjusted the refractive index of living bacteria to that of the suspending medium so that

they presumably can see the nuclear bodies inside of the bacteria (ref. 15). They say that

they do see objects inside which correspond to what they would see if they took the same cells

and stained them. This is the only evidence that DNA in the living state is really packed that

way, that one has not produced a distortion electron microscopy, and that the DNA does not

really penetrate throughout all of the structure. I do not know whether there are comments

on this point or not.

MANILOFF: We have studied one of the pleuropneumonia-like organisms and have been able to

isolate the nuclear material containing the cell's DNA. The ellipsoidal morphology seen in

the cell is retained in our procedures. This indicates that the DNA packing is not completely

dependent on the physical chemical environment inside the cell.

FORRO: It either holds together or returns to a compact form. It might do the same thing when

isolated as when it is being fixed.

I do not know how much this volume represents close packing of *_^ r,_T^ but _ _....

tainly material that looks like it. It has to do a lot of functioning--functioning and replicating

in a much narrower region than the whole cell volume from the picture seen in the electron

microscope.

The question is, "Is the DNA packaged the way it looks in the electron-microscope or is

it not?" I can point out my view of the problem, which may be contradicted now or later. I

think from there I will move on to the replication story as I see it. One lesson I learned from

this kind of consideration was that I do think I can be sold, on cytological evidence alone, that

one could talk about discrete structures in bacteria and that nuclear body did not necessarily

mean a discrete packet of DNA with a certain amount of information, but might just represent

some localized concentration within the cell of DNA of a generalized sort without any stoichi-

ometry in terms of information.

POLLARD: I wouId like to inject a sour note here. The electron microscopist always draws the

picture but never says what he did before obtaining it. Would you mind explaining quickly

what you have to do to get that pictttre ?

FORRO: That is the point, I guess, that I am making. I am no electron microscopist, and I will

probably miss a step. We usually fix them in some way, which means taking the bacteria in

this case and putting them in a solution of something that precipitates proteins, at least, and,

hopefully, also precipitates other materials. These actions of fixatives, as far as I under-

stand it, are receiving some study. I ......_,ttLmthe _,_,_._.,_,_^*---mic_oo_p_._ ._ ............._v_ moving in the

right direetion. At least, they are examining this question of what fixation means in terms of

individual molecules, and I think that is a fair way to go about it. But the presumption is that
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this fixes the material, the biological section, the way it was in the living state before
precipitation.

GREEN:Thattheydonotknow. Theyhopethat that is so.

FORRO:Thatis thebasisfor this operation.

GREEN:Thatis right. Theyassume,or wouldlike to believe, that that is so, but theydonot
know.

FORRO:Thatis whatI meanwhenI saytheyarecomingin theright direction. I seein the lit-
eraturemany,manyreexaminationsof the questionundertakenbybuildingartificial systems,
tal:ingcollectionsof proteinmoleculesor DNA, andactuallyasking, "Whatdoesit look like
if wetakea collectionof moleculesandactually fix them?" I supposetheideais thatthe
proteinis denaturedbut left whereit is.

POLLARD:But denaturinga protein is not the sameasprecipitatingit. Toprecipitateaprotein,
it mustbeaggregated.Thelight scanningpropertyof that proteinwill bematerially and
violentlyaltered.

FORRO:PerhapsI usedthewrongword.

POLLARD: Therefore, the aggregation of that protein cannot possibly be the same.

GREEN: There is another point to be stressed that is relevant to the methodology of electron mi-

croscopy: that is the practice of introducing atoms having a high electron density. The high

density is not inherent in the structure. In fact, there is so little difference in electron den-

sity that, unless stains of high electron density are introduced, little structure can be

recognized.

The other question is, by the introduction of this new molecule, be it osmium or anything

else, what has been done with the preexisting structure? This is utterly imponderable at the
moment.

FORRO: I feel that I ought to call upon you to expound upon electron microscopy since I am not an

expert. If you, or somebody who knows more about this, can answer the question better than

I, please do so.

GREEN: I am not an electron microscopist, but I think Dr. Pollard made a good point in saying

that the pictures seen in electron microscopy may be very far removed from the state struc-

tures of the cell and that there is a great deal of interpretation involved in making the trans-
formation back to the cell.

I think one of the most exciting developments in recent years is the introduction of re-
agents like phosphotungstate (ref. 15) which are, on the whole, much milder than anything

that has ever been introduced; and some of them do not denature some proteins. There is a

possibility that the new structures emerging in electron micrographs obtained in the presence

of these milder reagents will have a greater validity than those structures seen in electron

micrographs obtained in the presence of reagents that are really terror reagents, such as

osmium tetroxide. One does not really know how valid those structures are.

It is interesting that phosphotungstate has revealed order and structures such as had

never been seen with osmium; thus, there may be a whole new world emerging when the mild

reagents become more generally used. Much of the classical electron microscopy is based

on structures arrived at by these very violent reagents, relatively speaking;, and it is highly

problematic that the picture of the cell emerging from such electron micrographs has much
validity as far as fine structure is concerned.
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STARR: I would say that the extent of alteration toward mild treatment as between osmic acid and

phosphotungstate is probably negated by the further handling which these poor microbes under-

go in the preparation of thin sections. This involves, as in all histologic procedure, a dehy-
dration, passing through various alcohols until finally the material is sufficiently dry so that

it will not precipitate the plasticizers used for embedding. After a period of time this cooked,

dehydrated creature is then cut. If it is cut, these things are seen, but an awful lot has gone
on in between.

GRENELL: This does not actually have to be done.

GREEN: Not with phosphotungstate. Such procedures can be cut out. It must be dehydrated, of

course, but it is not necessary to subject the specimen to solvents, and certainly not to
sectioning.

MANILOFF: What is the reference for the use of phosphotungstate in studying cells ?

GREEN: The original work is contained in the paper of Brenner and Home (ref. 16).

MANILOFF: But these are all in viruses.

GREEN: The method has been used by Fernandez-Moran (ref. 17), Smith (ref. 18), Stoeckenius

(ref. 19), and others for the study of whole cells or organelles.

McMULLEN: This is the negative staining technique you are talking about?

GREEN: Yes.

MANILOFF: There are several alternatives to osmium tetroxide fixation. First, there are the
techniques of freeze drying and freeze substitution, which are less traumatic than osmium
tetroxide fixation.

GREEN: They are mild, anyway.

MANII_r r : second, there is the class of mono- and diaidehyde fixatives, formaldehyde being

the most obvious example, and glutaraldehyde currently being the most widely used (ref. 20).
With these fixatives, ultrastructure is preserved about as well as with osmium tetroxide. In

addition, however, enzymatic activity is retained, opening the area of enzyme cytochemistry
to study.

Therefore, wide varieties of fixative techniques can be used. But the power of osmium

tetroxide preservation of structure is so great that all other methods are measured in terms

of how well they compare with it.

MeMULLEN: I think considerable doubt is being thrown on some of the interpretations of osmium

staining observations. It has been shown that in the case of bimolecular leaflets of phospho-

lipin the osmium, in effect, is much more highly concentrated in the region of the hydrophilic

groups than in the double bonds in the interior of the membrane. This throws a completely

different orientation on the interpretation of these structures from osmium density photo-

graphs. Therefore, one has to be careful here, I think, in just assuming that osmium goes
onto the double bond preferentially to other regions of the structure.

FORRO: I think I will move on to the general topic because the point has been made as far as bac-

teria are concerned. I will now talk about the replication and, hopefully present some evi-

dence to provoke further thought' There are, in fact, discrete objects.

When I started studying replication, I wanted to ask the question: "Is there large-scale

there is large-scale conservation, to what extent? Is it one unit, two units, three units, four
units or whatever?"
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The simple kind of experiments which I have been playing with for a long time and just

extending are to grow bacteria in radioactive thiamine; these are thiamine-requiring bacte- •

ria. Perhaps it would be worthwhile to discuss the precise organisms because I think the

sequential questions brought up this morning may not be the same from one organism to the

other.

Most of the work I have been doing is with E. col___ii,strain 15. I work mainly with a log-

phase population of this organism. By this, I mean a culture growing actively in minimal

medium (just mineral salts and water with the necessary carbon source, usually glucose) at

titers of less than, or equal to, 2)<108 per milliliter. We can take cells grown for a long time

in tritiated thymine, wash them, put them out on agar blocks on a microscope slide, let them

grow, and then subsequently autoradiograph them.
We can superimpose photographic film upon these cells. Incidentally, they are fixed in a

way that probably does drastic things to them, but we do not care in this instance as long as

the content of the cell stays in the cell. The whole preparation is put away for a time while

the radioactive atoms that have been incorporated decay. After developing the film, we can

look at the pattern of radioactivity over the individual cells in such a microcolony; if things

are very simple, we might see something rather dramatic.

It develops that things are kind of dramatic, but they are not so simple; thus, we have to

hunt for the simplicity. What we see are grains distributed in the emulsion, which we can

look at simultaneously with the colony because we do not remove the emulsion from the

colony.
We see grains in various patterns. It might be a typical colony that we would see. If

anyone wants to look at them, I will just circulate a paper (ref. 21) that I have here.

Therefore, faced with this heterogeneous situation, the natural thing to ask is that pos-

sibly this does not reflect the fact that there are many separate objects in the bacterial cells,

that they are all different cells, and that they separate out rather willy nilly. Perhaps it is

simpler than that, but there are two processes involved. There are objects that naturally

want to separate from each other because they have a tendency toward conservation when they

replicate, but they have some other feature superimposed on them. The natural thing is to

borrow from other experiments and other organisms and think of this as possibly a crossing-

over process occurring in the course of the replication that disperses the label somewhat.

Therefore, we start to hunt for the simplest situation. In a log-phase cell we see that

there are colonies like this in which there are four packets, not necessarily equal in size,

and we cannot find anything simpler than that. This is disturbing because, about the time we

are doing this experiment, other people come along, Meselson and Stahl (ref. 22) to be spe-

cific, and do a beautiful experiment looking at DNA replication where they take the molecules

out of cells and follow the density of the molecules as they replicate.
I do not know whether all are familiar with this, since this is a heterogeneous group, but

let me say that the conclusion of this experiment is that molecules harvested from cells,
which are on the order of size of 2×107 of molecular weight, behave as if they are made up of

two subunits having a semiconservative type of replication. That means that the individual

subunits form a new partner as they replicate and then separate from each other with their

new partners. Thus, when we see that DNA molecules behave as if they were constructed of

just two subunits, we begin to ask ourselves questions about the biology of E. coll.
One of the first questions raised is that of the continuity of DNA synthesis. At that time

it was not known whether or not DNA synthesis went on continuously in bacterial cells. Some

work has been done in our laboratory (ref. 23) and in others in Europe (ref. 24). The general

conclusion is that DNA synthesis is, in fact, continuous and that, unlike higher organisms,

there is not a period devoted to DNA synthesis when chromosomes are made and then divide

but, in fact, DNA synthesis seems to be going on all the time. To try to find a gap in that
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Figure 9.--Hypothetical relation of bacterial mor-

phology and DNA contents during a division cycle.
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Figure 10.--Autoradiographic appear-

ance of colony with two labeled cells.

synthetic pattern certainly reduces the figure to very, very small times; that is, on the order

of 1/100 of a generation time, at least in the normal log-phase cycle.

Therefore, the question then becomes: What are the DNA packets in the cell, and how are

they related to the molecules derived from them and to the patterns of continuous DNA syn-

thesis ? We decided to adopt a model to see where we could go with it. Figure 9 depicts a

log-phase cell as it goes through its growth cycle. This is one which has just recently di-

vided, goes on, and grows longer as it goes on--it has an indentation in it--and, finally, it be-

comes two daughters.

I am not being interrupted but there is obviously something wrong with this. However, I

will go just a little further. We could take the point of view that this cell (the youngest) starts

out with a simple DNA structure--that is, a single unitary genetic structure when it is just di-

vided-and it will grow. It has to get to 2 somewhere, and we could say it gets to the 2 at the
point where it divides.

But if indi_du31 molecules look semiconservative, why do I not see semiconservative as

the simplest case when I do an autograph experiment of this kind; that is, fully mUe,uu ; ,,,,y

do I not see just two objects coming out of the cell at least sometimes ? Perhaps that is not

the right way to view it; perhaps the way to view it is that young cells do not necessarily con-

tain just one genetic object. Cell division may not necessarily occur just when the chromo-

some has finished duplication. Therefore, we can modify the model and say that duplication

arrives at some time in the middle of the cycle. This cell (old cell) is 2 + , and then it comes

over to 1+ (young cell).

Taking this view, then, experiments were done in which a label was put in for a fraction

of a generation time. Under these circumstances colonies were obtained which had just two

objects labeled (fig. 10). To circumvent the problem that possibly this is only part of the

total minimum packet seen, since labeling occurred for only a fraction of the generation time,

we also decided to take advantage of something else that was observed. As bacteriologists

know, we have learned that cells do not retain a constant morphology, even in the same

growth medium, as they grow to higher cell concentrations. They shorten up. What does

this shortening up mean? The view is that probably they are coming closer and closer to

wanting to divide when the DNA packet is doubled; thus, the young cells are actually coming

down on this scale and getting closer and closer to containing one DNA unit.

If this is the case, when cells become smaller as their growth rate slows down, even with

fully-labeled cells we can now find colonies with only two labeled packets of DNA. Further-

more. if we do the experiment right, we do not see colonies that have only one packet. This

gives some validity to the model that, at least for the simplest structures in this population,

we can make the proposition that there are structures which would replicate in a semicon-
servative fashion and that these structures are large. They are large compared to the
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Figure 11.--Autoradiographicpat-
tern from isolatedlabeledE. coli
chromosome.

individualmoleculesobtainedfrom thecell intoa test.
tubeif weweretrying to handlethemin thegentlest
waythatweknowhowat thepresenttime.

This view, then, that the simplestcells wouldcon-
thin a single chromosome which is, essentially, a sin-

gle object, a DNA structure which has two units, has

certainly been borne out by other beautiful experiments.

Cairns' experiments were mentioned this morning (ref.

2). Cairns has succeeded in very gently lysing cells of

populations like this and spewing out the DNA from

these cells in such a way that DNA unravels. It unrav-

els on a cellulose membrane, and he then makes an

autoradiograph of the membrane. In some cases he can

see autoradiographs of structures which are almost

continuous and very large-structures similar to that in figure 11. If we measure the linear

continuity, we can get linear continuities giving molecular weights of the order of 2x10 s mo-

lecular weight units.

If I try to make estimates of the molecular weight of the two structures seen in colony

autoradiographs from estimates of the efficiency of the film and so forth, the best estimate I

can come up with is the same--about 2.4x109. Note that it is a little lower than what was put

on the board a while ago. This is possibly more relevant to the soluble RNA story, where it

has been estimated that there are more types of soluble RNA than the number of different

amino acids. It looks to me as though it is closer to the right number.

STARR: I can suggest an organism that has a more extreme condition between the younger and the

older cell--a bacterium called Arthrobacter. Arthrobacter, as a young organism, is i micron

by about 4 micra. It has a regular cycle of development in which it probably becomes multi-

nucleate. Each organism divides into several smaller organisms. This could be very in-

structive since we now have a bacterium with possibly four times as much DNA in it as E.

col_____i.It would be interesting to determine the amount of DNA in each of the new daughter

cells. This is cyclic and can be followed as such if the coccoid daughter elements have a fac-

tor of one placed around the upper limit.

FORRO: I think you are speaking of a general proposition that this method could be used to sort

out the nature of intricate structures that might have components maintaining their integrity

upon distribution to progeny.

STARR: Even with a greater spread between the just predivided stage and the final divider.

POLLARD: I think we want to be a little careful. It is fine to suggest better experiments. But to

my understanding what has happened is that now we have two plus lines of evidence which say

that, in the cell, something like 2 billion molecular weight DNA is present in one unit.

Therefore, inacertain sense we are already far ahead of electron microscopy because we

know we have put that in the cell. Thus, we can start putting it in the cell and deciding where

it can possibly go, and we do not have to worry about it. For one thing, we are fairly certain

that the smeared odd region is not going to be there because we know the DNA is somewhat

springy; if it is rolled it will tend, therefore, not to form an odd shape. We are fairly cer-

tain of that. Thus, again we are already far ahead of electron microscopy.

What I would like to ask is this: What further evidence to you think you can bring out of

these studies here? Is there any evidence that this is actually a Watson-Crick structure, or

are there two Watson-Cricks or four Watson-Cricks or anything like that?

FORRO: You have to tie that to the Meselson-Stahl (ref. 22) result.
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POLLARD: Never mind whose experiments. What is your feeling?

FORRO: If you want a Watson-Crick structure, I think these autograph results (figs. 10 and 11)

bear this out as much as anything. If we miss on our numbers, perhaps Cairns (ref. 2) is

seeing half or some other fraction of what I see. Cairns' result has more to it than just the
display. It has an analysis in terms of grain densities at structures like this Y. As I indi-

cated this morning, I am not entirely happy with the broad-scale conclusion that his results

are indicative of strictly sequential synthesis in all the organisms in the population. They

are certainly consistent with the idea that the displays he discusses are Watson-Crick struc-

tures, and the evidence is that the densities of the DNA strands are reasonably consistent with
this interpretation.

BAUTZ: On the macroscale I agree that the evidence is overwhelming that the replication of DNA

is sequential, but DNA is antipolar. There are a 3' and a 5' end on each end of the DNA mol-

ecules. To incorporate the deoxynucleoside triphosphates, it seems that free 3' hydroxyl

ends are needed (ref. 25). This is perfectly all right if we start duplicating one strand from

one end, but what about the other one? The replication of the second strand should go in the
opposite direction. The only way to reconcile such a mechanism with the observed unidirec-

tional synthesis (ref. 26) would be to make the assumption that, as the synthesizing machinery

goes along, the opposite strand is replicated backwards, piece by piece, involving many start-
ing points (3' hydroxyl ends).

FORRO: I am not sure this is so.

POLLARD: Is it clear what the problem is ? This is an important problem that Dr. Bautz has

brought up: the mechanism that Dr. Cairns (ref. 2) showed in his radioautography on repli-

cation where the Kornberg polymerase does not have the property of having to work with the

3' end at only one place. Now the question is, "How can we reconcile the two?" The sugges-

tion b_s been made tb_t one strand is essentially either breakable or already broken.

BAUTZ: This could not be observed by radioautography.

POLLARD: Does anyone wish to discuss this ? This is an important point because, if it is actually

true that one strand is essentially always fragmenting, this destroys a fair amount of beauty

in the idea of the Watson-Crick structure. It does one other thing;, it makes it easier to bend,
and this might be good.

FORRO: The only answer I have to this is that I do not think we know whether a polynucleotide

triphosphate could be added to a monophosphate at 3' on the monophosphate and perpetuate a

triphosphate structure which is continually adding that way with that enzyme.

BAUTZ: Right.

FORRO: Therefore, if the enzyme could--this is a possibility--I am a little surprised that bio-

chemists have not done this. Is there some technical reason why that experiment has not
been done?

ATWOOD: What is the experiment?

FORRO: The experiment is to take polynucleotides, make them triphosphates on their 5' ends to

see if they can add on the 3v end of 5' mononucleotide triphosphates, perpetuating the triphos-
phate on polynucleotide chain.

POLLARD: Pushing it out one all the time ?

FORRO: Yes, pushing it out one all the time.
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ATWOOD: It almost must happen that way. Cairns has a picture showing that all three branches

from a growth point are double stranded. Thus, one of the chains must be growing in the di-

rection indicated, with a terminal 5' triphosphate.

FORRO: Is that a published picture?

ATWOOD: I do not know.

FORRO: This is a different type of experiment than he has reported in the literature. It was

grown in cold after hot?

ATWOOD: Yes.

FORRO: Dr. PollardTs question to me was, "Why do I think it is this way?" I think Cairns _ evi-

dence is quite strong. The radioautographic density for unit length is what would be expected

of a Watson-Crick molecule labeled at these specific activities.

YCAS: Then, if I understand correctly, Lornberg's enzyme cannot be responsible for the com-

plete replication ?

ATWOOD: This cannot be concluded with certainty, because all the primers used with his enzyme

are mechanically fragmented and would not have the triphosphates on their ends.

POLLARD: Dr. Danielli, I believe the following questions that I have on nucleic acid represent

something we would all like to know. And I am not going to let Dr. Forro off quite so easily.

I thought that if he does not know the answers to these five questions, somebody in the room

might:

1. How does DNA coil?

2. Does it have to be separated to be read out?

3. How does it move with respect to polymerases?

4. What, physically, is a repressor?

5. What, physically, is an operon?

Let me first point out that we have oneunit of DNA; it has to coil not less than, I believe,

800 times. Disregard fitting the nucleus inside the cell. The question is, How does it do it?

Let me ask, in conjunction with that question, does anyone in the room know whether the

physical constants of DNAwill permit these being coiled? In other words, is DNA sufficiently

flexible thatwe have a Young modulus that will allow us to coil it? Does anyone know the phys-

ical constants of DNA? Is there any elasticity parameter of DNA?

MANILOFF: Will you clarify the question? Do you mean how the helix can coil back onto itself?

POLLARD: I want it all.

MANILOFF: You also want to know how a linear sequence of nucleotides from a linear array coils
up?

POLLARD: Yes, that would be nice. I do not mean how does it do it of its own accord--how does

it generate the coil? No, I am not asking that. How does it actually coil? Imagine that God

coiled it; do not imagine it coiled itself. That is another problem; that is an excellent prob-

lem, and a good one to think about. Suppose we just took a cell and we had a good enough mi-

croscope to look at the DNA--what would it look like ?

What I would like to introduce here is that, in terms of theoretical biology, presumably

DNA can coil only in certain ways. It cannot coil just up and down. What is the minimum

radius of the curvature that is possible in DNA under the circumstances of the cell? Does

anyone have any suggestions ?
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]_AUTZ: Thereis one example I can cite. We have this situation in the phage--how the DNA is

left within the phage head. And there the question is, Do we have base pair regions that are

not as strong as other ones ? Do we have a preferential opening up at certain points ? These

should then be more susceptible to, let us say, some mutagens; and in this way we should de-

tect "hot spots," which we certainly get. However, it is difficult to correlate the "hot spots"

with such a scheme because they occur throughout the rII region.

YCAS: Is it true that the "hot spots" are immediately adjacent to "cold spots" ?

BAUTZ: No. The difficult situation is that for different mutagens the "hot spots" are on different
locations.

YCAS: It is not a large area which is hot. It is a very small one, right?

BAUTZ: At certain points, even.

MOROWITZ: One thing is fairly clear: from charge-charge repulsion, the DNA probably has to

cocrystallize with something else if it is going to coil into the very small spaces where it is

usually found.

FORRO: Except that we can draw fibers under circumstances in which there are crystalline re-

gions where the packing comes close. In such cases, is the charge completely negated?

MOROWITZ: I do not really know.

ROBERTS: Spiegelman* had some pictures of the ¢-X circles, very beautiful pictures. They

showed both circles and figure eights, and figure eights looped again up to about eight loops.

That showed that it was able to bend around at a fairly sharp radius.

POLLARD: One strand?

ROBERTS: No, that is the replicating form.

FORRO: In the phage head Kilkson and Maestre (ref. 27) at Yale have proposed a model which is

at least consistent with their X-ray data and that of North and Rich (ref. 28). The data indi-

cate there is a preferred orientation of the DNA in the phage head. They have made calcula-

tions from their model which indicate consistency with birefringence measurements on this

page. The model, as produced, involves a bending, that is, taking the DNA and making it have

a loop of about (I forget the numbers now) 80 angstroms in diameter where it comes back and

interdigitates each time around.

If this is the Watson-Crick helix, it is wrapped around so that it comes back again on it-

self. The base pairs are perpendicular to the phage axis. Then these things are wrapped in

the phage head, with a series of coils running in the center.

The value of this model is that we can conceive of unraveling it simply by rotation about

the axis and just pulling it out. It is something like a ball of twine, and it just comes on out.

There are no sharp angles in this model. It is just a continuous structure, and the num-

bers are reasonably consistent with the fact that there is definite orientation in the direction

of the phage axis and the birefringence is of about the right magnitude.

As far as other models are concerned, there are many that can be though of, but none are

very satisfactory for meeting the several requirements: X-ray data, birefringence data, the

lack of sharp angles, and the ability to get the DNA out.

BAUTZ: If we assume that DNA is circular and if it is consecutive, then we have to have a sharp

bend; otherwise we have to break it.

*S. Spiegelman, personal communication.
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FORRO:I donotwantto suggestit as a circle. Someevidenceindicatesit maybea circle.
Electronmicroscopepictures, however,showendsof spewedDNAin whichtwoendscome
outof a singlephage(ref. 29).

BAUTZ: Howbig is thetail of thephage?

FORRO:I thinkpeopleargueaboutthetail plugandwhethertheholein thetail plug is theplace
theDNAgoesthroughor whetherthewholetail plugcomesout. Thatis thewholeof thear-
gument:Is theholein thetail plugaboutthesizeof theDNA? If wecantakethetail plug
out, thenwecanpull througha monkeystrand.

POLLARD:Hasanyoneelseanycommentsonthis question? I think this is very definitelya
questionfor whatwemight call theoreticalDNAscavenging.I call attentionto thefact that
this problemof coiling mustbemetby physicalconstantsof somekind for DNA, that these
are notknown,andthattheyshouldbeknown. Hasanyonecalculatedthis? Is no one in the
room interested in this?

FORRO: Kilkson and Maestre (ref. 27) tried it, but from a different point of view. They did not

have any numbers about DNA elasticity; they just estimated the average bond angle distortion

in the DNA back bone for their model and compared this with values of known distortions in

simpler organic molecules. The value is not large compared toknownpermissible distortions.
But this does not answer the question, Is it physically possible for DNA? They did not have

really good estimates.

POLLARD: Do we not have to write down DNA elastic contents as something we should know about

either experimentally or theoretically? We have, apparently, no answer to this. I would just

point out that if we are going to wait for electron microscopy to tell us how DNA coils, I re-

spectfully suggest we will wait longer than we should.

Now, what about the second question? Does anyone have any answer as to whether the

DNA has to be separated in order for messenger RNA to form ?

ROBERTS: I heard Spiegelman again 2 days ago, and he had circles which replicated one strand.

When the circle is broken, it replicates both strands. Possibly it does not have to separate.

BAUTZ: Since the RNA is complementary to one strand, I think the DNA has to open up locally;

otherwise, we should observe hybridization with double-stranded DNA, which we do not. It is

difficult to conceive that RNA is made that way, but it looks as though DNA has a slightly

higher affinity to itself than to RNA. Therefore, the DNA, by closing in again right behind

the enzyme, should then push off the RNA. I think there is something in the literature (ref.

30) showing that, in the RNA polymerase system, double-stranded DNA turns out single-

stranded RNA whereas a single-stranded DNA primer ends up as a DNA-RNA hybrid.

ROBERTS: That means the specificity is placed on the base pairing?

BAUTZ: Yes.

ROBERTS: Does that really give enough specificity? Do we not have to have an enzyme and then

we need to open it up?

BAUTZ: You mean the enzyme is then recognizing the other strand?

ROBERTS: Yes, without opening. That is the alternative. I do not think we can rule it out.

WOESE: It is possible to check this point by using agents, such as mitomycin C, that would cross-

link the DNA and, thus, prevent its opening at these points. Does functional RNA synthesis
occur under these conditions ?
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B.AUTZ:Or actinomycin.

YCAS: There is an answer to that if you accept that nitrogen mustard is a cross-linking agent.

WOESE: Let us accept it without being overwhelmed by it.

YCAS: Apparently protein synthesis and RNA synthesis occur continually when a cell is heavily
reacted with nitrogen mustard.

WOESE: Then it is not necessary to open it up locally?

YCAS: I do not know.

POLLARD: There is something here which, I must admit, astonishes me. Essentially, the con-

sensus is that a tube of double-stranded DNA can be just run through an enzyme and it will
faithfully copy one strand in units just suitable for a cistron. Do I hear this ? Is this what I

am being told?

ROBERTS: You added "the units suitable for the Cistron."

POLLARD: That is where it must be if it reads off of a Cistron. I want to be quite clear that this

is what I hear in the room because it sounds miraculous to me. This double-stranded wire,

or whatever it is, goes through a miracle producer--namely, an enzyme. Now we have a

really beautiful biological superstition here. We have put this in an enzyme, and this enzyme

"recognizes" the base order as this goes through.

BAUTZ: I do not agree with this thought for the very reason that the single-stranded DNA should

not be able to be a primer for polymerase, because then I should think that the polymerase
would recognize the base pair and not the particular base.

POLLARD: You do not like that, in other words?

BAUTZ: I would like the idea that they come apart, at least locally. They open up and then close
together.

POLLARD: Then, this idea is tenable. If my two hands represent a base pair, these stay to-

gether almost all the time, but there is a moment in the enzyme primer structure when they

do this (gesturing), this one is then read by some mechanism of the enzyme. Therefore, one

of the physical things we have to think about is a process by which coiled-up DNA in the form

that is in the cell, going around corners and everything, is continually doing this the whole

time, with the result that there is really a wave of this kind of motion going down the DNA at

a pretty good rate--in fact, a thousand bases a second, I think. That is definitely an interest-

ing theoretical question: How this can happen--how a molecule can, by any means, do this

opening up, basically be copied, and close up again.

FORRO: I think the reason we will not accept is that it goes on to DNA synthesis after opening but,

instead, closes again is because, according to Dr. Roberts' comments this morning, certain

genomes make a good deal of RNA. But if most of the genomes are making only one, then it

raises the question about little localized spots of RNA synthesis, or something like that, cor-
responding to the microsome.

ROBERTS: Then you would have too much of that kind of DNA.

FORRO: Yes.

......... _-o1-,1_ ;_ c._,-,.'_11_ p;_,.-,,_±V*L.P-[_L.PVV*JL _. _A_._b I,£1_ it .t,Aa..y _-'^

POLLARD: Can we ask why the readout is necessarily 200 times? Why is it not possible for one

enzyme to be made _.00 times and another one made only once, so that DNA can be actually
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copiedonlyonce? Is this excluded?Are thereexperimentsto excludetheideathat that .
messengeris usedin onecaseandnotanother?

ROBERTS:Theexperimentsactuallymeasurewhatmessagesarepresent, andwe find that one
maybepresent200-foldandanotheronesingly.

POLLARD: I see. But it is notnecessaryfor theDNAto stop, havefive or six copiesmadeof it,
andthengoon? It cannotall continueoneway, but it hassomethinga lot of times?

ROBERTS:Yes. In fact, it mustbeableto readoutat anyplace, nomatterwherethepointof
DNAsynthesishappensto beat that time.

POLLARD:Is thereevidencethatthe readoutprocessis random,thatDNAsynthesisis
sequential?

ROBERTS:If readoutwerenot random,wecouldnotobtainfull inductionimmediately.

POLLARD:Therefore, theremustbe randommessengerreadout,or approximatelyrandomlet
us say, andnot sequential?Thatis interestingandthat, I think, is quite importantbecause
it is mucheasier to seethis sort of wholeline kind of chainthroughthecell andthenbeing
replicated. This is easy. But it is noteasyto seea processwherebythis is goingonand
replicatingsteadilyanduniformly andthenoccasionallyregionstappedto be readout.

Tosummarizethis secondquestionthen,weare somewhatequivocalaboutit. The
weightof theevidencesupportsthe ideathat, for almostsimple logical reasons,theremust
bea momentaryseparationalthoughtheseparationdoesnot involvewidebowingout of
strands.

Thethird questionwehaveansweredto someextentis that wesaidthere is a sequential
entryof theDNAinto theDNApolymerasebecausethis is madein twoplaces--presumably
somethinglike pullinga tubeoutof atire, aswell aswecanjudgeand, presumably,this is a
sequentialmotionaround. Howeverit moves, it movesin a sequentialwaywith respectto its
ownpolymerase.

Butwith respectto thepolymerasethatwill readit out in forming thehybrid RNA, no
suchsequentialmotionis at leastnecessary. In fact, it is challengedon thegroundsthat in-
ductionis sorapid. In otherwords, somethingmust occur. Instructionsmustbe capableof
beinggivenby an inducingmoleculeto makebetagalactosidaseat anytime in the cell cycle;
and, therefore,presumablya machineryfor readingout the Cistron mustbe there all the
time--to makebetagalactosidasefor example. This is a small miracle, andit is interesting.

Thefourthandfifth questionsaremostly personal, for myself.

FORRO:MayI aska question? In the caseof betagalactosidase,havepeople(I guesstheymust
have)workedwith synchronizedcultures?

ROBERTS:With the Tauphasing,that seemsto work.
FORRO:Oninduction,doessynthesisstart right away,evenif thecells are at onepoint?

ROBERTS:

FORRO:Is

ROBERTS:

POLLARD:

ROBERTS:

POLLARD:
There
acids,

Theydonotstart right away;there is a little lag, andthentheyare all right.

everycell makingbetagalactosidaseat the sametime?

I thinkso.

Whatis theoverwhelmingevidenceof the physical natureof a repressor?

If there is a verb, therehasto be a noun. That is theevidence.

Doesanyoneknowthis? I will give youmy view, my theory, just to beshotdown.
are twoor threeSRNA'sthat havethewrongthingson topof them, that are notamino
that havebeenputonby mistake.
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ROBERTS: There is another hypothesis that it is a piece of RNA, which is DNA-Uke in its com-

position, fixed on the DNA. It would have to be small because, otherwise, it would have been

found. So it is roughly 1 percent of the DNA and stable. That is something to look for, and it

is being looked for.

ATWOOD: Another conjecture is that it is a protein. The logical reason for thinking this is that

it has to recognize two things at once: one is the operator region of the operon and the other

is the inducer. It is difficult to think of an RNA structure that would recognize an inducer,

but easy to think of a protein serving this function.

The Monod model calls for a protein which has two binding sites, one specific for the op-

erator region, which is considered to be a stretch of a few nucleotides. This is enough to

make it specific so that it does not recur elsewhere in the genome, but not enough to cause the

protein to be too big to recognize it. Then the other site recognizes the inducer. There is a

connection between the two sites such that the binding of the repressor to the operator is

drastically influenced by whether the inducer is on the other site. This property of one site's

being influenced by another has been named; it is an allosteric property, so that any allosteric

protein is suitable.
What is the evidence for this ? It is the dominance of the I+ repressor G over I- in bacte-

rial zygotes, and to a lesser extent the temperature-sensitive mutant of Novick which is hard

to imagine except in the sense that there is a thermal-labeled repressor protein. It is hard

to imagine how a stretch of RNA could be any more temperature-sensitive than any other
stretch.

HOFFMAN: If we accept both the triplet coding and the sequential making of the RNA, even though

we start at different points (possibly in the DNA}, then we would need only something to cover

up just one or any number of rmcleotides. Not multiples of three is three itself, in order to

give nothing but nonsense from then on. It could be very small.

rtt-_T T 4 n_-t. _.ff'11 g_.r-V_LJJ-A_L_L_,J_ I WLLI. ve yOU oi_e T_or_ or ln_ 4_;_,nl,_a a_n'_raefJ_,n T _r_11 mmnn_ v,r_ h.v_ _. nll-

cleotide that is a phenylalinine, histidine and alanine and I will suppose that this is a group

that actually does the work on the enzyme. This group hooks onto the double sugar and does

the job. This is just a set of SRNA's that has specificity for binding of the substrate, but it is

not an enzyme because it does not have the proper structure to provide the necessary energy

of activation for the enzymatic process. In comes the inducer and sees these three things and

thinks, "Fine, I have what I want." It hooks on, and this is enough to cause the Brownian

movement to get them off. Is this possible?

BAUTZ: Off what?

POLLARD: To get it off the DNA.

What is the overwhelming evidence about the operon? Does anyone have any knowledge of

that? These are all ancillary to DNA. That is why we are discussing them. Now I would like

to let Dr. Forro off and to let Dr. Morowitz go on.

ROBERTS: May I add one more word about the rotation of the DNA? The rotational speed is about

300 revolutions per minute. That might have an important part in readout.

STARR: Along what axis ?

ROBERTS: That is just from untwisting.

C. THE MINIMAL CELL

Discussion leader: H. J. Morowitz

MOROWITZ: I am going to talk from a theoretical point of view about what should constitute the

smallest living cell (or the minimum living cell); then I will present some evidence as to what

comes closest, experimentally, to this minimum.
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First, since this is a theoretical conference, I would like to set forth some biological .

generalizations. I think the role of theory, if it is going to have may role, is to be bold enough

to make generalizations; and I think that at the level of molecular biology a number of these

are obvious, but we do not say them often enough or loud enough to really think about them

seriously.

I will note five generalizations, although there are probably more that can be made. The

first generalization is that the biological information is structural, and this is rather impor-

tant if we think about de novo cell synthesis. What I mean by "structural" is experimentally

shown if a bacterial cell is taken down to the absolute zero of temperature mud then brought

back and placed in nutrient medium. The cell is then able to grow as usual. Presumably the

only thing preserved when absolute zero is reached (and absolute zero is a theoretical extra-

polation; the best available data is 1.3 ° Kelvin} is structure. This indicates that the informa-

tion necessary to specify that the object is a living cell has to be structural information since

bringing it back to room temperature is just a matter of heating it up and disordering it.

Therefore, when we are called upon to de novo synthesize a cell, we really have to be

just very clever organic chemists. The only thing we have to do is to get the structure right,

and the system will start moving in the right direction all by itself. This represents a great

simplification in the problem of de novo cell synthesis.

WOESE: Structural as opposed to what?

MOROWITZ: Information being stored by cyclic processes.

WOESE: Are there reactions going on in a test tube which is frozen down to absolute zero and

then warmed up_

MOROWITZ: That means the information for those reactions is structural also. Let me give you

an example. Suppose I were to store information clearly structural on a punch card. I then

take the card down to absolute zero and bring it back and the information is still there. If I

am storing information in a series of pulses that I am circulating through a reverberating net-

work of some kind and if I take the system down to absolute zero and bring it back, the pulses
are not there.

GARFINKEL: The easiest analogy is with certain computer memories. The very earliest ones,

such as Univac 1, kept their memory in the form of sound waves in mercury tanks. If for

some reason power is lost, then memory is lost. The more recent memories are magnetic

cores that are magnetized a certain way; if power is lost, the same information is still in

memory when power is restored. This case is really structural, whereas the other is a dy-

namic something that has to be kept going.

GRENELL: I would think that by freezing it you mean that you are interrupting certain loops that

would be operative. When you warm it up again, it goes on.

MOROWITZ: In terms of de novo synthesis, this is rather important because it means that de

novo synthesis is a problem of organic chemistry; it is not a problem of getting a system in

the right structure and then pushing some of the atoms or molecules in the right direction. In

terms of statistical mechanics we specify the desired q's and do not have to specify the p's;

that is, we specify the coordinates and do not have to specify the moment.

Incidentally, this means that, in fact, we can calculate how many instructions, or how

long a set of instructions, have to be given someone to de novo synthesize a cell in detail.

From a number of arguments it is reasoned that it takes about 4 bits per atom to place it ap-

propriately in a cell in a synthetic reaction. Thus, if we have a cell of 200 million atoms,

this is 800 million bits, which is a reasonable message. We can get this in about a 1000-page

book, provided coding is optimal.



DE NOVO CELL SYNTHESIS 55

This number represents both an overspecification and an underspecification. It is an

overspecification in that we are specifying that every atom has to be the right atom in the

right place in the cell, and we know a cell does not have to be specified in nearly that much

detail. It is an underspecification in terms of the fact that we are assuming optimal coding,

and organic chemists probably do not function by optimal coding.

POLLARD: Does this fit with the idea of the cell being under the instruction of a molecule?

MOROWITZ: No, the calculation is for the worst possible case. It is the case where the organic

chemist has to put every atom in place.

POLLARD: It would have shrunk quite a bit if you had_

MOROWITZ: Yes. The second generalization I want to make is that there seems to be a ubiqui-

tous and fairly restricted set of monomers and small molecules used in biological structure.

Generally, these are the amino acids and nucleotides, but about 100 others which commonly

occur can be added. However, from all of the vast class of organic compounds, this is a very

small subset. Again, this seems to be one of the strong generalizations.

The third strong generalization I want to make is that wherever energy is used biologi-

cally, the last step along the process seems to involve phosphate bond hydrolysis, and the

bond is usually ATP.

The fourth generalization is the one discussed earlier today, which is the seeming uni-

versality of membrane structure.

The fifth generalization seems to be the ubiquitousness of ribosomes in cells and the sim-

ilarity of ribosomes in all cellular systems.

The generalizations become important because one question that has to be considered

when discussing a minimal cell is the question, "What is the necessary apparatus?" It is

very hard to define a living cell. I think this problem can be short circuited by a number of
formal definitions.

It is fairly straightforward to begin by defining a self-replicating system. A seif-repii-

cating system is a system that can pick pieces out of an environment and assemble another

structure similar to itself, so that both of the structures are now capable of repeating the ini-

tial process. Dr. McMullen gave an example of Dr. Penrose's little mechanical gadget (refs.

6 and 7) for doing this, which would be a simple case but would fit the general idea of self-

replication.

There are numerous others. Homer Jacobson (ref. 31) published some in 1958 which

were done with little trains on HO track--small, two-dimensional, self-replicating systems.

Von Neumann (ref. 32) did it in a more complicated, formal way several years ago. But, in

general, self-replication is going to include all these processes. It might include truly auto-

catalytic chemical reactions, if, in fact, they do exist. I think there is a real question as to

whether autocatalytic reactions in this sense do exist.

The simplest kind of self-replication we can think of is that A + B goes to C. This is the

general process we are looking for, where C is the completed unit, and A + B are the constit-

uents in the environment. For this to be self-replicating, the process has to proceed by

C + A going to complex I, complex I + B going to complex II, and complex II going to 2 C.

If we had a chemical reaction that really proceeded like this, it would certainly fit this

definition of self-replication. In biology we take a second step and talk about autonomous

self-replication. An autonomous self-replicating entity is one that can self-replicate in the

absence of any other self-replicating entities. Therefore, when we discuss the minimal sys-

tem, we shall not include obligate parasites simply because of the difficulty in sorting out the

information between parasite and host. This is done for the purpose of discussion, and there

is nothing fundamental here.
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Thenextstepis to introduceabiologicalautonomousself-replicatingsystem,andhere .
thingsbecomemore difficult. Onedefinitionof anautonomousself-replicatingsystemthat
operatesat the molecularlevel is a biologicalautonomousself-replicatingsystem. The
thingsthat arehard to excludebythis definitionare crystallizationprocesses. In theend, I
think thereasonfor thedifficulty of excludingcrystallization processesby thesedefinitionsis
that whatis goingonin thebiologicalsystemshasfeatureswhichare very closeto
crystallization.

Wecoulddefineabiological systemin this way, but it wouldhavea bit of loosenessto it;
wewouldhaveto patchup thedefinitionif wewantedexplicitly to excludecrystals. It could
bedonein terms of growth,andsoon.

ROBERTS:If you includetherequirementthat it hasthe capacityfor evolution,I thinkyoucan
excludecrystals andtrivial things.

MOROWITZ:If wewantto defineabiologicalsystemthat canfit all theseothercriteria at the
molecularlevelandalsohasthepossibility of evolving, which means that we are going to im-

pose a certain minimum complexity on it, then we probably can exclude simple crystals.

POLLARD: And permitted to change in stable rate.

MOROWITZ'. I assume that is what we mean by autonomous.

FORRO.- How restrictive is the requirement that it come into part 2 C ?

POLLARD: He is saying that this is exactly double. The 1.7 C is excluded.

FORRO. What I am trying to put into this is a requirement for spontaneous separation that is not

in crystallization.

MOROWITZ: We can go one step further. We now have autonomous, biological, self-replicating

entities; I think that if we are talking about exobiology we really must stop at this point. If we

are talking about terrestial biology, I think we introduce what are conventional biological, au-

tonomous, self-replicating entities; and we include here the additional feature that the sub-

units out of which they are made, the things that come out of the medium or the structures

that you ultimately end up with, are the subsets of monomers and the small molecules that I
talked about before.

Again, I do not think we have here defined life. I think we have run around the definition

of life, but we have defined something that is useful because then we can begin to ask what a
minimum unit would consist of. Therefore, this is, in a sense, the beginning of the problem

at the theoretical level. It is only the beginning because we really have not done anything ex-

cept introduce the vocabulary to talk about some of these problems.

At the experimental level, I think we do something quite different. We start out by ask-

ing, What is the simplest self-replicating entity? We can sharpen the question by asking,

What is the smallest autonomous self-replicating, biological self-replicating entity? What is

the smallest thing that can be found that will fit the criteria that I have given, that will take

matter out of a medium in the absence of a host cell, and make two entities like itself? These

entities must have the characteristics of normal biology; they must have the right monomer
units.

WOESE: Before we go any further, let me state that in defining the minimal cell we must include

the capacity to adapt, to mutate, in order to cope with the cell's environmental changes. Mu-

tability must be one of the criteria for such a cell; its complexity has to be such that it can

mutate by relatively small jumps.

MOROWITZ: That may come out of the minimal cell, but I am not sure we have to put it in.
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WOESE:It wouldnot live in anyenvironmentwecanthinkof unlesswe--

MOROWITZ:TheenvironmentI amtalking aboutis a flask in whichI control thechemicalcom-
positionandtemperatureandexcludeanyothercells to competewith.

WOESE:This is very artificial.

MOROWITZ:Of courseit is artificial, but I amnot talkingaboutanevolutionaryproblem. I am
trying to analyzewhattheprocessis.

WOESE:I am sayingwecannotdivorce it from anevolutionalproblem.

MOROWITZ:Conceptually,I can. All youare sayingis that this thingI amgoingto thinkof may
never survivein nature, thatthe idealizedentity maynever survivein nature. TheoneI am
goingto workwith experimentallyhassurvived.

WOESE:Your idealminimal cell appearsto bebasedupona real cell, onewhichevolvedunder
conditionsof a changingenvironment,suchas competitionwith otherspecies. It is impossi-
ble at presentto saythat aparticular featureof a cell--for example,proteinsynthesisap-
paratus--didnot arise becauseit conferreda distinctadvantagein theevolutionaryprocess.
Therefore, I donotseehowwecanextrapolatefrom a real cell to a minimal cell withoutcon-
sideringevolution.

POLLARD: I thinkhehasapoint. If I understandwhat Dr. Woese is saying, that if we actually

do search for these in the laboratory, if we search for them in nature, they will have to
have--

MOROWITZ: They are going to have more criteria than I have given here. The only reason I have

some slight doubts about the criteria mentioned is that I am not sure they do not come out of

the criteria that I have set forth, particularly with the amendment that Dr. Roberts put in.

They may be derivable from the criteria I have given; I just do not know.

LANGELAND: You ought to include adaptability in your criteria; then you exclude the
crystallization.

MOROWITZ: Are you distinguishing between adaptability and mutability? Is this what you are

saying ?

LANGELAND: Yes, I remember you phrased it this way one time. We have a system like a cell,

and we can give it several inputs. We may vary our inputs, but our result is two cells any-

way; and that is a way of defining adaptability.

DANIELLI: Perhaps I misunderstood this, but it does not seem to me that we can exclude either

capacity for change or adaptability from crystalline systems. Suppose we begin with a crys-

tal that consists of a steroid, shall we say, or a fatty acid. We can progressively modify this

by introducing components having, for example, some other polar group instead of a carboxyl

group.

MOROWITZ: And we obtain cocrystallization.

DANIELLI: We have cocrystallization; and if we vary the environment of the crystal we will

change the pattern of crystal growth so as to produce a differently shaped crystal. It seems

to me there is quite a lot of adaptability and modifiability just in straight crystals.

,,_n_,rv_,-r. r_.., ........ c,_,v_;y.g hsotr tr_ tho pvohl_m nf the _aradox we had originally--that it is

difficult to write the definition so that we unambiguously rule out crystals. I think the diffi-

culty comes at this point because of the closeness between what we recognize as a living sys-

tem and the many features of complex crystallization.
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DANIELLh PerhapsI couldput in anotherpoint at this time. Whenwediscussthis analogybe- .
tweencrystals andliving material in the way we have begun to do, we are very close to the

suggestion discussed this morning, that the cell structure will spontaneously arise from the

components. I wonder whether, in fact, living systems do not differ from crystalline mate-

rials in that the components are so structured that the likelihood of organization arising spon-

taneously is very small. The advantage of this would be that then a mechanism would be nec-

essary to induce a structure to arise; this would bring the whole thing under control--introduce

the possibility of control.

If we rely on spontaneous aggregation, then the system is relatively difficult to control

once we have some of the components assembled. For example, suppose that a cell needs to

assemble certain components into two different units. How is it able to control the assembly

of them into two different units in appropriate proportions if the structures form spontane-

ously anyhow? We need to have this system under control. This seems to be a reason for

putting forward the entirely opposite hypothesis that spontaneous aggregation is to be avoided,

and therefore the cell is likely to put in many components that will not spontaneously aggregate

regularly. Secondly, the resemblance to crystallinity may, in fact, be misleading for just

this reason, that a crystalline system is one that does spontaneously assemble.

BAUTZ: This is assembly but not division. Perhaps we can underline that.

POLLARD: It is an assembly, not a division.

MOROWITZ: We do have cases in biology, the TMV case discussed this morning, that clearly

look like crystallization. Most DNA packaging, to come back to the point being discussed be-

fore, must involve a crystallization type of step. I think that taking membranes apart and re-

constituting them, which is done, again looks like a kind of crystallization process.

BAUTZ: The TMV has first to multiply before it assembles.

MOROWITZ: Oh, yes. It is just that, finally, there is a step there resembling crystallization.

DANIELLh Let us point out that forming TMV is something the cell does not want to do. This

is a system that is out of control, as far as the cell is concerned.

GREEN: The fusion of broken membranes is more like the coalescence of oil droplets, and I

would hardly consider that_

MOROWITZ: Except they seem to make two-dimensional sheath-like structures.

GREEN: I am not sure it can be explained that way. It seems to me that the hydrophobic bonds

re-form, usually in these torn membrane systems, this would simply mean that the surfaces

are of a similar character and have a tendency to refuse and exclude water. I would not clas-

sify such a process as crystallization.

MOROWITZ: Because it is a little less specific?

GREEN: Yes. With crystallization there is a tendency for like molecules to aline in a particular,

regular fashion; but here we are dealing not necessarily with like molecules but with mole-

cules sharing hydrophobic properties.

MOROWITZ: The similar feature is that you have a structured configuration because it repre-

sents the lowest free energy consistent with the constraints. I do not think I can rule out all

Dr. Danielli's points; therefore, I may have to say that the process resembles crystalliza-

tion. Let us look at the second part of the problem--the actual experimental search for the

smallest systems. As noted, in the absence of being able to define simplicity, we look for

the smallest systems. If we could define simplicity, we would really look for it explicitly.
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• Since we cannot define it, we look for the smallest system, with this idea in mind--that even

by the time we are down to the conventional bacteria we have a relatively restricted number

of atoms. Thus, if we can go to very small bacteria or cells that are appreciably smaller

than bacteria, the number of atoms that we deal with is, itself, going to become very small.

Consider for example, the E. coli cells we talked about this morning. The cell volume

is 2x10 -12 cm 3. That means the nonaqueous portion has 0.5×10 -12 gram; in molecular weight

units this is 3x10 ll. To put this in terms of the number of atoms, divide by 8, which is the

average atomic weight of a biological atom; this becomes 3.75x10 l° or 37 billion atoms in the

E. coli cell.

This number is large but not frighteningly so. The point is, if a cell is one-tenth the

linear dimensions of an E. coli cell, the number of atoms decreases by a factor of 103; thus

we will be dealing with 3.75×10 ? or 37 million atoms. Thirty-seven million atoms is really

a small number, as realized when we begin to put it in terms of some other terms such as

monomer units per cell. There are about 20 atoms, on the average, to a monomer unit in
biology. Thus, if we divide by 20, we have approximately 1.8x106 or 1.8 million monomer

units.

On the average, it is going to take about 300 to 400 monomer units to make a polymer;

we divide again by 300 and we get 6 xl03. We have only 6000 total macromolecules in a cell

that is one-tenth the linear dimensions of the cell discussed this morning.

The idea that D'Arcy Thompson (ref. 33) stressed about the volume changing as the cube

of linear dimensions becomes quite serious at this level. As the cell begins to decrease in

size, the total amount of conceivable machinery becomes limited by the number of atoms.

This is the idea I want to stress; this explains why the feeling behind this work was that, as

we went down in the order of size, we went toward the level of simplicity. We cannot begin

to worry about whether this cell has 100 000 different kinds of enzymes because it has only

5000 macromolecules total.

GREEN: Ttlat does not necessarily give the uu_zL-]..... _,'_ _-v,-,--__l;'_;_". ..T_thor_.......... i_ th_ pnc.qihi]itv_ of mak-

ing one complicated structure like a membrane, it is not much more difficult to make many
such membranes.

MOROWITZ: It is not the total number; it is the total number of different kinds. Here the total

number of different kinds is limited by the total number. You cannot have more than 6000

different kinds of enzymes because there are only 6000 molecules total. The number begins

to limit variety.

GREEN: Yes, you are right.

MOROWITZ: Incidentally, the experimental work I am going to discuss represents the work of a

number of people in three different laboratories; the Biophysics Department at Yale, the De-

partment of Animal Diseases at the University of Connecticut, and the Department of Bacte-

riology at the University of Connecticut. I will not sort out whose work is whose because I

want just briefly to describe what the cells are like. We began to look at small bacteria, and

we examined Achromobactcr parvulus and Veillonelia parvulus; but in general, these cells

turned out to be not as small as was initially reported. We also did some work with Dialister

pneumosintes, which appears to be about 0.3×0.6 microns. The smallest bacterium has been

reported by Van Itnersen and Robinow (ref. 34). It is a coccus 0.2 micron in diameter.

We began to investigate pleuropneumonia-like organisms, which were reported as being

spherical bodies rang2ng in size down to about 0.12 micron in diameter. Most of the work

we have done has been on three strains: one that I will refer to as A-5969;, a second micro-

plasmic laidlawi!; and a third, H-39.
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To describebriefly pleuropneumonia-likeorganisms,theyare autonomous,self-repli;
catingsystems. In contrastto thebacteria, theylack a rigid cell wall. By thenormalcri-
teria formerly usedfor viruses, that of filterability, theyare filterable. Moststrains we
workwith, for instance,will filter througha 0.22-micronMillipore filter. Someviablecells
will comethrough. With all thestrainsweget somecells througha 0.3-micron Millipore
filter.

Mostof ourworkwasdoneon theA-5969. At first it wasa sphereof about0.3 micron
in diameter. However,for somereasonsnot clear to me, it is nowa sphereof about0.6
micronin diameter.

KLEIN: Howuniform are thesethings? Dotheynothavea tendencyto coalesce?
MOROWITZ:Thisstrain is quitegood. In theelectronmicroscopeyouseemostlya collectionof

spheres. Whenyoubeginto lookat themin detail, youcanseemorestructurethan just the
spheres;but this is not anenormouslypleomorphicstrain. Therehavebeenmanyreports of
anumberof thesestrainsbeingextremelypleomorphic,possiblybecausetheyhavenorigid
cell membranes. Therefore,unlesswearecareful abouthowwe lookat them, muchdistor-
tion canbecaused. Whenweare carefulwith this strain, wegenerally find that the cells are
approximatelyspherical.

GREEN:Doesthat meaneachindividualceil hasa completeapparatus,or are therepossibly,
different cell types?

MOROWITZ:No, becausewegrow themas isolatedcoloniesarising from a singlecell. Experi-
mentallywemakeagrid, Formvar-coatedfor electronmicroscopy,andputdowna collection
of cells. Initially, weseeonly singleceils. Thegrid is thenput downona nutrient agar
plate, andthenutrient diffusesup throughthe Formvar. An hourlater the cells canbe seen
in theprocessof replication. Thesinglecells give rise to microcoloniesright onthe Form-
var, meaningthat a singlecell is anautonomousself-replicatingunit. Weusetheterm
"clone-formingunits" to indicatethat it is an independententity.

QUIMBY:Dothe membersof thecloneall havethis extremelysmall size, or areyoudealing
with a life cyclewhereonestageis small?

MOROWITZ:A populationclusterspretty closelyaroundthemeansize.
TheseH-39andM. laidlawii strains have been somewhat more pleomorphic than the

A-5969, and we sometimes see cells as large as 1 or 1.2 micron. We see some smaller--
as small as 0.15 micron. The H-39 strain is the smallest of all these strains we have

worked with. It gives a titer through a 0.15 Millipore filter; in the electron microscope, and

by the various other criteria, it appears extremely small.

DANIELLI: How complex is the medium?

MOROWITZ: Most of our growth experiments are done in a medium which is Difco's Bacto-

Triptose. Difco will not tell us what they put in it, but it is probably a combination of enzy-

matic digests of beef and of yeast. It is a very complicated medium; and, in addition, a bo-

vine serum lipoprotein also goes into the medium.

However, for the strain laidlawii we have a chemically defined medium. This strain was

isolated originally as a saprophyte; the others were parasites. At the moment, I think we put

53 things into the medium. I do not think we will necessarily end up putting 53 things in the

medium. But it is a long experiment to cut each one of them out, and this is being done more

or less systematically.
The most complicated thing it needs is a peptide, or a mixture of peptides. The cleanest

mixture of peptides that I can add to the medium with this strain so that it will still work is a
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mixture of O-Tryp 8 and O-Tryp 10 from ribonuelease. This looks similar to Woolley's
strepogenin story with respect to the peptide requirement (ref. 35). The rest of the medium

consists of amino acids, vitamins, fatty acids, and nucleotides.

KLEIN: Any cholesterol?

MOROWITZ: All the other strains except this one seem to have a cholesterol requirement. This

strain is not grown in cholesterol. We presently grow it with five fatty acids: myristic, pal-

mitic, oleic, linoleic, and linolenic. It will grow, although very poorly, in the presence of
oleic alone.

DANIELLI: That is important because the picture you are building up, it seems to me, is of a

small organism that has shaken off the need for everything except the apparatus for assem-
bling small units into macromolecules.

MOROWITZ: What you are saying is that it seems to have very little intermediary metabolism.

DANIELLI: Yes. And with a medium such as you mentioned, all the intermediary metabolism is
effected outside the PPLO.

MOROWITZ: I have a suspicion, Dr. Danielli, that we will probably be able to cut out possibly

20 of these constituents. But I think the answer is partly "yes" in coming to a minimum sys-

tem here. We are throwing away much intermediary metabolism and concentrating on the
replication process.

PITTENDRIGH: Then why not go all the way to a virus?

MOROWITZ: Because I can still control this environment, and I cannot control the virus' envi-

roument, because the virus is growing inside a cell. The virus may be using information
from the cell's DNA. This thing has to use only its own DNA.

DANW__LLI: -m._+_,,,_Is" not _.,_¢,__.._t_mae_

PITTENDRIGH: No, ituses the DNA of whatever organism made the peptide that was supplied.

MOROWITZ: But in the end the peptide requirement is nonspecific and can be coded in human

DNA in the attempt to synthesize peptides. I cannot synthesize them, but Hofmann in Pitts-

burgh synthesizes these peptides (ref. 36).

POLLARD: I do not think there is a need to say there is any exclusion between studying viruses

and studying these cells. I think they are somewhat different.

PlTTENDRIGH: But I thought the point being discussed, or brought up, was an attempt to esti-

mate the size and nature of the minimal, completely autonomous system--and this is not.

POLLARD: It is more autonomous than a virus.

MOROWITZ: The point is, any system is going to require an environment. We are just quibbling

about the complexity of the environment.

PITTENDRIGH: But is not this the difficulttheoretical point?

MOROWlTZ: Let us put itthis way. At least with thisunit, I can sort out all the apparatus in

studying it. IfI study a virus, I have to include all the cell's apparatus; and I do not know

which portion of itto exclude and which portion of itto study as part of my system.

DANIELLI: This might aimost be definud as the simplest system in which DNA can multiply.

MOROWITZ: In the absence of another self-replicating system.
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FORRO:Wedonothaveto saythat all theenvironmentalinformationcamefrom DNAunlesswe .
sayviahumanDNA. If, as organicchemists,wewere clever enoughto synthesizethese,
thenecessaryingredientswouldnothaveto bemadeby anotherorganism. Thiscouldbe
closerto it.

MOROWITZ:All thethingsI put into this medium,in principle, duPontcanmakefrom air,
water, andcoal.

DANIELLI: All thethingsthat canbeput into anymedium.
MOROWITZ:Not for theE. coll. If duPontcouldmaketheinsideof anE. coli form air, water,

andcoal, wewouldnotneedthis conferenceondenovosynthesisof a cell; thusthere is a
distinction.

ENGELBERG:It is merely atechnologicaldistinction thatduPontcannotdo this. It seemsto
methis is all irrelevant.

MOROWITZ:I thinkthere is a real distinctionbetweenanobligateparasiteanda free-living cell.
I think this is a cleanbiologicaldistinction. Theobligateparasite is usingsomeapparatus
within thecell; unlessweknowwhatthat is, wecannotdefinethereplicating system. If I
havea free-living systemin a medium,I candefinethewholesystem.

WOESE:Wouldthepeoplewhoare criticizing Dr. Morowitz's approachdefinethemselves a little

more clearly? What is being objected to? I see nothing conceptually wrong with his approach.

DANIELLI: We were trying to make sure (at least I was) of the criteria--the procedure for setting

up. One thing that Dr. Morowitz pointed out was that if this unit he is describing could only

multiply inside another cell, then he would not be able to distinguish what was the responsi-

bility, as it were, of his unit and what was the responsibility of the cell in which it grew.

He is actually accepting as his criterion simply the unit capable of growing in a defined

medium. He says he can define this medium and, therefore, it subscribes to his convention.

The question would be, "Can you pare it down to something still smaller?"

Is that right, or do I misinterpret you?

MOROWITZ: Ultimately, yes. If I can find a smaller autonomous self-replicating system, I am

willing to stop work on this one.

QUIMBY: Concerning your free-living organism on artificial medium, is that a very enriched

medium ?

MOROWITZ: No. I mean, the total nutrients are about 15 grams per liter--everything that goes

into the medium--but this includes 5 grams of salt and 5 grams of tris.

QUIMBY: In other words, it is a fairly diluted artificial medium, but also complicated?

MOROWITZ: Yes. It is not unlike the tissue culture media.

QUIMBY: Have you tried taking about 15 or 20 of the constituents out of the medium?

MOROWITZ: All at once? No. What we are doing is taking them out one at a time. If I had in-

sight concerning which 15 to take, I would do it that way.

DANIELLI: You could have your graduate students do it.

McMULLEN: You have no coconut milk in there, I assume.

MOROWITZ: No coconut milk; no horse serum. With the exception of the ribonuclease peptide,

it is a synthetic medium, as distinguished between synthetic and defined medium.
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ENGELBERG:If someonedevised a means whereby viruses could be grown in a cell-free system

to which certain enzymes and so on had been supplied, would this be consistent withyour

system ?

MOROWITZ: I think it would be an autonomous self-replicating system, yes.

The next point I want to discuss, then, is, What are the constituents of these particular

cells, and how much of the various things are in the cell? First let me say concerning the

gross composition of the A-5969 that the cells are about 80 percent protein, 8 percent RNA,

4 percent DNA, and 10 percent lipid.

SZENT-GYORGYI: How much water?

MOROWITZ: This is in the nonaqueous portion. The dry weight amounts to about 25 percent of

the total weight.

BRUCH: Is this your pathogenic strain?

MOROWITZ: Yes. These proteins have been looked at with respect to amino acid analysis. The

nucleic acid base ratios have been determined, and the lipids separated on silicic acid chro-

matography. This has all been published, but I do want to note that these cells have about the

same distribution of amino acid found in other cells. The DNA is double-stranded, the ratio

of AT to GC is about 2:1. For the RNA, I forget the details, but it is well within the range

that has been reported for other cells. This is true of the lipid composition, also.

In other words, in terms of this gross chemical composition--gross monomer composi-

tion, there does not seem to be anything unusual about these cells.

GREEN: Is it predominantly phospholipid?

MOROWITZ: Yes, except this 1-percent lipid is about 2 percent cholesterol, and the rest of it is

mostly phospholipid.

We have tried to reduce all these fig-tires to thc q-aantity of this material t_here is in the

smallest viable cell we can work with. This has been a problem we have battled, somewhat

unsuccessfully, for the last 3 years. I think we know how to get around the problem now.

But when we want to do chemistry, we have to work on a very large batch of cells; and, in

general, under those eonditions they may not all be viable or there may be a size distribution,

and so forth. Indeed, there are problems of size distribution in most of the strains; thus we

have difficulty in getting at the smallest viable units.

However, most of the attention has gone into getting the DNA per clone-forming unit. On

the A-5969 strain I will give you an upper limit and a lower limit, and on the H-39 strain I

will give an upper limit to what the DNA per clone-forming unit is. This is important be-

cause as the cell shrinks in size, the total DNA shrinks in size, so that the total coating

capacity shrinks. This means, if we take coding seriously, that the total number of enzymes

becomes limited and, therefore, the complexity of the system, at least judged in terms of the

number of enzymatic steps it can carry out, becomes limited.

A-5969 seems to have a lower limit of about 40x10 s and an upper limit of about 400x10 s,

as far as DNA per clone-forming unit is concerned.

POLLARD: Is the problem the clone-forming unit or the DNA?

MOROWITZ: It is both. Also, there is a problem in this figure. The cells have become larger,

and I am not sure that a clone-forming unit does not contain more than one genome at the
momeat.

LEIGH: Is this molecular weight?

MOROWITZ: Yes, molecular weight DNA. The H-39 strain has an upper limit of about 250 million
at the moment.
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First, lookingat theupperlimits, let us taketheworst possiblecases. If wearegoin_
to codeproteinswith this DNA, aboutthebestwewill do, makingquite small proteins, is to
code about 800 proteins from 400x106 molecular weight of DNA. That is about the outside

limit of the number of different kinds of proteins. I would say the number of proteins we are

going to be able to code in A-5969 is going to range somewhere between 40 and 800. For the

H-39 I think we are going to have to place an upper limit of about 500.

This means that the total possible chemistry that this cell can carry out, assuming the

enzymes are not multifunctional, is going to be limited to a fairly restricted number of steps.

In principle, we should be able to draw the entire metabolic map for this cell. As will proba-

bly come out of Dr. Garfinkel's discussion, I guess we can now, in principle, go from the

map to the computer, so that we have the hope of studying the cell metabolism directly by hav-

ing the computer analyzing everything we do.

This is about all I will say now on how much of the various constituents there are. I re-

gret the ambiguity in the number.

SLONIMSKI: Your calculation of the number of proteins is based on an obligate chain length,

right?

MOROWITZ: Yes.

SLONIMSKI: If the proteins are polymers and they are made out of mixed chain lengths for differ-

ent chains, the number of proteins may be infinitely greater.

MOROWITZ: Not infinitely, but considerably greater.

SLONIMSKI: Eight hundred in a multiple of--

MOROWITZ: Yes, if they can be dimerized at 640 000. Thus if it turns out to be a common phe-

nomenon that we make peptide chains that can then be combined in a sensible way in a large

number of configurations (it does not even have to be very large), it means that the total code

length can be much smaller to get a considerable enzymatic diversity. Yes, that is true.

BAUTZ: If this is a common phenomenon, then we should get multiple mutations.

SLONIMSKI: I do not know whether we can do genetics on this type of thing.

POLLARD: Your DNA must be wrapped up rather tightly. How do you actually get that medium

in? The point is, in the case of transformation somehow you have to hook onto the DNA,

which is wrapped up in a very tight shape and capsulated. How can you possibly do that in a

capsulated form? I would say this is a very bad cell from the point of view of the transforma-

tion process.

MOROWITZ: The knowledge of the rest of the "hardware" of the cell I want to describe comes

largely from electron microscopy, and I will not go into the experimental details. Since this

is a theoretical conference, I will draw the picture that emerges and give our interpretation
of it.

KLEIN: Do not even draw it; describe it.

MOROWITZ: The cell is bounded by a double membrane. The evidence for this membrane is two-

fold: the electron microscope evidence and the dielectric dispersion measurements, which

give the appropriate membrane capacitants obtained for the membrane of other cells. In ad-

"dition, we have an area that appears to be a nuclear area; or, as judged from this morning's

conversation, it may also be an artifact of fixation. We then see ribosomes.

POLLARD: Have these been precipitated?
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MANILOFF: What do you mean, precipitated?

FORRO: How have they been fixed?

MANILOFF: Both glutaraldehyde and osmium tetroxide in the work Dr. Morowitz is presenting.
Similar results have been obtained using freeze substitution.

MOROWITZ: This means that, when the artifact appears by several related methods, we believe

it is something related closely to something that was there before we went through the
process.

I did not have a chance to comment on electron microscopy this morning, but I do want to

defend it. It is obvious that what is seen in an electron micrograph is a transform of what

was in the cell before processing began. The restriction is that we have to be intelligent at
each step about understanding what transformation is being made. Then we can obtain valid

data from electron microscopy. I thought we were criticizing electron microscopy too much

this morning. It is easy enough to sound impressive criticizing a technique, but it is much

more important to use that technique to extract useful information about the system being
studied.

POLLARD: If HDL is added to a silver nitrate, there will be a transform; and it will not make
much sense.

MOROWITZ: If you understand what you are doing, it will make sense.

SAGER: Could we solve this problem by extracting ribosomes from the cells ?

MOROWITZ: I have not reached the exciting part of the ribosome story yet. But, in answer to

your question, what we have seen with respect to ribosomes has been seen in the cell and in

centrifugal fractions from broken cells, including a purified ribosome fraction; the ribosomes

have also been studied by ultracentrifugation. The ribosomal RNA has also been studied on a

methylated albumin column. Everything I say about the ribosomes has been checked in multi-
ple ways.

One curious feature of the ribosomes in these cells is that they are in aggregates. They

occur in aggregates which, on inspection appear to be helical aggregates of ribosomes.

BAUTZ: Can you see the messenger being wrapped around?

MOROWITZ: The resolution is not that good. This is thin section. We would have to go about an

order of magnitude or better on our electron microscopy, which conceivably can be done to
see the messenger.

FORRO: I heard about 3 weeks ago that there are two rows.

MOROWITZ: The only other structures that appear presumably have to do with the replication of

the cell. When we put these cells down on Formvar films, as I described before, we begin

with a cell looking like a uniform sphere, except that it seems to have two light areas. In
about 15 minutes a bleb appears at these light areas. We have measured the size of these

blebs on a number of cells; it always appears to be the same size, as if it were a somewhat

crystalline structare. The subsequent growth seems to take place from the bleb, leading to
a binary fission; occasionally, however, the cell that comes off will be much smaller than the

original cell and it will look like budding. Sometimes there will be more than two blebs

emerging from a cell; thus it would not be straight binary fission but several subcells seem

to be formed. In cross section, the bleb appears to be a structure something like an oblate"
ellipsoid.

FORRO: I am not sure about those lines. Before, you had very characteristic membrane lines;

and now you have drawn fuzzy ones. Are those just thickenings ?
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NUCLEAR REGION

BLEBCLEAR ZONE

RIBOSOMES MEMBRANE

_,_ _,_--__ _ TWO CELLS

Figure 12. --Replication of A-5969. The upper figure shows cell

morphology of the PPLO A-5969 (Mycoplasma gallisepticum I as

revealed by the electron microscope. Organelles include cell

membranes, bleb, nuclear region, and ribosomes. The lower

figure shows cell replication, the life cycle of PPLO A-5969.

The cell grows a second bleb at the opposite end from the orig-

inal one. Nuclear replication takes place at approximately the

same time, leading to two complete units which then pull apart.

DANIELLI: Are these double membranes?

MOROWITZ- I really think you ought to look at the picture (fig. 12) rather than take my
interpretation.

GREEN" You do not see those double membrane structures in the interior but only on the

periphery ?

MOROWITZ: Right, and it seems to correspond with the bleb structure we see when we are grow-

ing them on film.

The total apparatus that we seem to have in this cell consists of the membrane, the ribo-

somes, and the central nuclear area here. In the dividing cells we seem to have the bleb. O

course, we have soluble proteins plus messenger RNA, transfer RNA and small molecules.

But, as far as we can determine, this is about the total apparatus--the total cell hardware.

Since this cell seems to function in a normally biochemical way, with the exception that its

intermediary metabolism has to be supplied from the outside, it has appeared to us to be a

good model system for the replication process. That is, anything that is absolutely neces-

sary to the replication process must presumably be in this cell.

A corollary, whichwe do not expect to hold nearly as rigorously, is that a cell like this

cannot afford much excess baggage because it is limited in the number of atoms; thus, it

probably does not have much in it which is not an important part of the cellular replication

process. At the moment that is the approximate state of the experimental minimal cell.
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KLEIN: I am slightlyconfused. Do you have some ribosomes that are loose, that are disorga-
nized, in addition to the ones you have shown?

MOROWITZ: Yes.

PITTENDRIGH: Is this an anaerobe ?

MOROWITZ: Itis an anaerobe but not an obligate anaerobe.

BRUCH: Is the particle that grows actively the same size as the particle that passes through the

filter? You have not mentioned the lifecycle of this organism, and I am stillcurious as to

the role of the filterableparticle in the lifecycle.

MOROWITZ: Essentially, the lifecycle is growth followed by binary fission.

BRUCH: But there is a range of sizes. The material passing through the filterscould be a very

minimal cell structure just with the coding information.

MOROWITZ: Ithas to have the coding information plus the apparatus to translate that coding in-
formation into functional information.

BRUCH: You mentioned this morning the range in cell sizes from 0.1 to i.2 micron. What is

that larger cell doing? Does ithave more apparatus attached to it?

MOROWITZ: I think these cells have many control problems. Some of these strains have control

problems with respect to size, not having a rigid cellwall. I think the details of the replica-

tion process will depend fairly criticallyon the environment, whether they are sittingon a

surface, whether they are in a medium, and ifso, what the surface tension is. In these cul-

tures I think we are seeing a lotof noise of that type.

GREEN: Would itbe possible tosortouta cell population by size, so that you have separated the

very large and very small cells?

MOROWITZ: Yes.

ODUM: Do these cells in any way store fat?

MOROWITZ: I do not know. I gave the lipidcontent.

ODUM: That is presumably essential cellular lipid, but the cells might be larger ifthey had

stored depot lipids.

GREEN: Ifyou could sort them out according to size, could you then determine whether the larger
ones, in fact, have more DNA or more of certain apparatus or hardware than do the small
ones ?

MOROWITZ: We have done considerable sorting according to size in these filtrationexperiments.

Perhaps we can discuss these problems later. Iwould only tellyou a long series of experi-

mental woes as to the difficulties. I do not think they are inherent difficultiesthat cannot be

licked so that we will not ultimately be able to get a population of small cells that are all via-

ble and to pin down some of these numbers more definitively,more definitely. This, indeed,

is what we are trying to do. Itisjust that we have not done it.

PITTENDRIGH: Is the error of metabolism biochemically known? Is there chemical evidence that

the usual cytochrome system is involved?

MOROWITZ: There appear to be no eytochromes. The A-5969 strain is rather interesting in that

regard. It metabolizes glucose down to pyruvate and lactate and then does not appear to use

the pyruvate and lactate, at least in the medium in which itis growing, which may have a
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large amount of exogenous competition. In the medium in which it is normally grown, the .

Embden Meyerhof scheme--where it appears to get its energy--seems to be completely dis-

sociated from the synthetic scheme, which means that it makes a large amount of acid while

it is growing. These other strains do not produce nearly as much acid.

HOFFMAN: No.

GREEN: There can be no Krebs cycle where there are no cytochromes. I do not know of any

case. The Krebs cycle system of enzymes is an intrinsic part of the mitochondrial electron

transfer system.

GRENNELL: Since this is a theoretical meeting, I wonder if we could ask what you think might

happen if you took all this equivalent hardware, all the hardware you find in one of these, and

shot it into a droplet of phospholipid and stuck it into your medium.

GREEN: You would hear a big cry.

MOROWITZ: I suppose my problem would then be convincing you that I did not have a contaminant

after it started to grow.

I was going to say a word about what I think a theoretical limiting cell would have to be.

It seems to me that a conventional cell will have to have a membrane; we are going to have to

allocate about 100 angstrom units here. We must have at least one ribosome; there is no way

out. One appears as a good lower limit.

ROBERTS: I would say zero. You would get the enzyme out of it, perhaps.

MOROWITZ: Except that we want to synthesize protein.

If we take a more conventional view, we will put one 70-S ribosome in there, which is

about 150 angstrom units. We will have to put the 30 or so assembly enzymes in; that is, we

have to include the activating enzymes and the polymerases. We will have to put in another

10 or so enzymes to take care of the energetics, the Embden-Meyerhof scheme. A minimum

of about 40 protein molecules will be needed, and we will have to put in enough DNA to code

all of these 40 proteins. This amounts to 40 million molecular weight of DNA.

KLEIN: Where did the membrane come from?

MOROWITZ: I am postulating that this is a necessary feature of the cell; if I take away the mem-

brane, then everything will diffuse away.

KLEIN: There is lipid and protein in the normal membrane; thus there must be something to

make it.

MOROWITZ: The protein is taken care of.

KLEIN: Oh, that is part of your assembly?

MOROWITZ: Right, and take five more enzymes for lipid metabolism.

DANIELLI: All those 45 proteins are the protein components, then, of the membrane; is that it?

MOROWITZ: I do not really care whether they explicitly get put into the membrane or not. This

is the number you are going to need. You are going to need at least 45 molecules of protein.

GREEN: You could put some of the enzymes on the membrane.

MOROWITZ: You could. Do you mean to make them a structural part of the membrane?

GREEN: Attached to it, if you like.
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MOROWITZ:In anycase, this is whatis goingto givethe structure. By thetimewepackevery-
thingin andrealize weneedanaqueousenvironmentfor thingsto work, weare goingto end
upwith a structurehavinga diameterof roughly500angstromunits.

ENGELBERG:Couldwedowithoutthe membrane?If it were agel, couldwedispensewith the
membrane?

MOROWITZ:I startedoutby sayingoneof thegreatgeneralizationsof biologywastheexistence
of onetypeof membrane,andI wantto standby thatfor thedesignof this minimumcell. I
wantto makeit minimal, but reasonablyconventional,at this stage. For exobiology,youcan
beasunconventionalasyou like.

This structurewill takein monomerunits andassembletheminto thepolymers in sucha
wayasto leadto theproductionof all thenecessaryparts of a secondcell. Divisionis then
necessary,aboutwhichwehavesaidvery little. From thepointof viewapproachedin study-
ing very small cells, theunit just describedwouldbe thelimiting small cell of this type.

Whattheactualsmallestself-replicatingentitywewill find will be, I donotknow. That
hasto bea continuingsearch,but it is anopen-endedone. Wedonotknowthatwehavethe
smallestone,unlesswecanshow,theoretically, thattheonewehaveis limiting.

DANIELLI: Whatkind of units are youassuminghaveto beassembledinto thecell?

MOROWITZ:In this case, it wouldbeaminoacids, nucleotides,metalions, andvitamins.

DANIELLI: In that case, that membranewill haveto befull of permeasesin order to get themin.

GREEN: Thatwouldbe inherentin theconceptionof amembrane.

MOROWITZ:No. If I put specificpermeasesin--as Dr. Danielli is askingmeto do--I haveto
start makingthis DNAterribly long, unlessDr. Slonimski'sschemeenablesmeto havepar-
ticular combinationsmakepermeasesfor different things. In that caseI canshortenthe
DNA.

I amgoingto be in troublehere. As thenumberof functionalkindsof enzymesbeginsto
goup, I haveto expandthis DNA,whichmeansI haveto expandthewholecell andmakemore
membranes,andsoforth. Therefore, I really haveto get thingsin bypermeases_

GREEN:I thinkyouhaveto, in a way, andI think thatis really theessenceof Dr. Danielli's
point. Youhavegivendetail to thereplicatingmechanismwhereyouknowaboutthatdetail.
Youhavegivennodetail aboutthemembranesystembecausethat is thepart aboutwhichwe
knowless. As weknowmoreaboutthemembranesystem,wewill find that thereare just as
manyparts, if not more, asyou foundfor the replicatingsystem.

POLLARD: It seemsto mewecanprovethat permeasesare necessarybecausewehaveto keep
the thingneat. If wedonothavepermeasesin theywill notget out;andin this cell theten-
dencyto get out is tremendous.

MOROWITZ:That in theendslowsthingsdown.

POLLARD: R might slow them to a stop.

LEVINS: Do you have any indication that these things are less efficient?

MOROWITZ: I do not know what would be a good criterion for efficiency.

SAGER: What is the doubling time?

MOROWITZ: It varies in different strains and the medium. It varies from about 100 minutes up
to several hours.
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GREEN: One point you have omitted is that there are many small molecules in the form of cofac_

tors such as DPN.

MOROWITZ: I am assuming they are going to come in from the medium.

GREEN: I do not think you can assume anything like that.

MOROWITZ: If I am going to construct a minimal cell, you have to allow me to put things into the
medium.

GREEN: In other words, you are not necessarily assigning to your hypothetical minimal cell all

the attributes you have recognized in the small cell that you studied experimentally.

MOROWITZ: I think this is drawn somewhat on the basis of what you learn from there, but it is

not a direct transformation.

GREEN: There you are certainly faced with the problem of synthesizing all these cofactors, and

this synthesis would require special enzymatic apparatus.

MOROWITZ: What type of cofactors?

GREEN: For instance, if we have glycolysis, we would need DPN or TPN. If we have the repli-

cating mechanism, it would require_

MOROWITZ: The things that we put in the medium here are quite extensive. For instance, Co-A

is a requirement in the medium; and the way it gets in is somewhat troublesome.

GREEN: What about ATP?

MOROWITZ: I do not think so.

GREEN: Presumably it contains ATP.

MOROWITZ: I would be surprised if it did not.

GREEN: And we know that as part of protein synthesis we have GTP. Did you put GTP in the

medium ?

MOROWITZ: That we do not know for this cell. Remember, every time--I am not objecting to

this--you force new enzymes on the system, you--

GREEN: I am not; nature is forcing them on.

MOROWITZ:_you put yourself into a problem with the total code length. In other words, you

may be forced into the position of either a coding paradox or the necessity for the kind of

multiple coding that is suggested. If the DNA fails by a large margin to provide all the func-

tions you need, then you have to get those functions somehow. This kind of small cell may

push you into a real paradox.

SLONIMSKI: May I go back to the PPLO cell? Let us suppose that it is actually the minimal ex-

perimental cell available. This, of course, is a cell that you do not synthesize but nature

does. If nature synthesizes it, then it seems that it has an extremely strong selective advan-

tage; otherwise it would not exist. Therefore, I propose to reverse the problem and look at

the medium to see what it contains to cause this cell to have the selective advantage that it

does in being such a minimum cell. What is in the medium in which PPLO lives to give this

selectivity? Do you see my point?

MOROWITZ: One lives in the trachea of chickens.

SLONIMSKI: I would really spend much time in finding this out.
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_/IOROWITZ:Anotherlives in sewage,andanotherlives in humangenitals.

SLONIMSKI:I wouldabandonthe last one. Butyousee, there is a very old story_
MOROWITZ:Excuseme, I havethoughtof this problem. Theonethat lives in the tracheaof

chickensis easier to think about. I thoughtthat possiblythis onecouldoccupyanecological
nichethat othercells couldnotget intobecausetheywere toobig physicallyto get into the
niche;that is, if therewereporousplaces.

SLONIMSKI:I think it is astounding. I donotknowwhetherit is original; but Darwincontended,
apparently,that life is beingcreatedconstantlyin everypond, exceptthatnobodycansee
mostof it becausenatural selectionwipesmostof it out immediately. Thisminimal cell has
notbeenwipedout; thus, if youknowexactlywhattheenvironmentis in thechickentrachea, I
thinkyouwill havetheclue for theminimal ceil--notby lookinginside thecell butby looking
outsidethecell into its environment.

MOROWITZ:Theremightbeanotherenvironmentin whichyoucouldgetanevenmoreminimal
cell.

SLONIMSKI:Ofcourse, butwedonotknowwhetherit exists, while in this caseweknowposi-
tively that it does.

MOROWITZ:However,if I amgoingto haveto live with the chickentrachea, I mightaswell go
backto thevirus case. E. eoli is aneasierhostthanthechicken.

PITTENDRIGH:I hateto raise this questionagain,but I donotseewhyyoudonot. Theonlydis-
tinction is that herewehaveanobligateparasitewhoseconditionscannotbedefinedfully and
reproducedfully. In the caseof E. col_i,wehaveanobligateparasite that canbereproduced
in test tubeconditions. For instance,theresurelymustbea spectrumof complexityall the
wayfrom theparasitic reproduction--

MOROWITZ:Let megiveit to youat themostphiiosophicailevel.

POLLARD: I think there is a point herefor peoplewhothinkaboutviruses. PerhapsE. coli is a

work bench for assembling. If, in point of fact, we cannot take nucleic acids, whirl them up,

and put the proteins in place until we have the actual work bench to put it on, then we have
something more than just the components. I think evidence exists that this is so.

MOROWITZ: Let me put this at the most philosophical level here. What I want to do is to begin

with a flask containing a cell, a nutrient medium, and place it in contact with an infinite iso-

thermal reservoir at temperature T. The cell will now give rise to two cells.

I would like to be able to predict this process--and this is a philosophical statement--

from Schr'Sdinger's equation or some other fundamental principle of physics. With that in

mind as a kind of theoretical principle, I find it easier to approach the kind of systems I talk

about here than if my system is a virus inside a cell.

In a sense, what you are saying is that a virus inside a cell is just as good a system to do

this. There are two ways out. One, I can say this is the one I am interested in, not that

one--that is the easy way out. My point is that I can define the interior of this flask much
closer than I can define the interior of this coli.

WOESE: I think on the point of definition here we can draw a fairly clear line, as follows: We can

supply the cells with any compounds, except linear polymers (for example, peptides, poly-

nuclcotides), of a define4 se_Jence greater than a certain size. This size limit is determined

by the probability of forming significant amounts of the particular sequence(s) in question un-

der conditions of "random" polymerization; that is, where no "templates" are involved. For

example, if we have to supply a molecule such as an s-RNA, the system is not autonomous; if
we have to supply the tripeptide glutathione, the system is still autonomous.
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MOROWITZ:Youstoppedat atripeptide. I haveto feedthis a hexapeptide. •

WOESE:Thatseemsneartheborderline; if therequiredhexapeptidemusthaveauniquesequence,
that is.

SAGER:Thereis animportantproblemhereraisedby Dr. Pittendrigh'squestion. By nowwe
knowafair amountaboutthekind of geneticinformationcarried in DNAandaboutthewayit
acts. It seemsto methat oneof the implicit questionsbeingraised at this conferenceis
whether,giventhat informationin DNAor, let us say, in a virus, wehaveall of thebasic
geneticmaterial necessaryto makea cell. Is everythingelsejust aworkbenchor machinery
or somethingof that sort? Or is there anadditionaldifferencebetweena virus anda cell that
is baseduponthepresencein cells of someadditionalcomponentsof anautonomous,self-
replicatingsort? If so, wecanreadily seethat a cell is in asdifferent aclass from avirus
as a living organismbecauseit containsadditionalkinds of geneticinformationnotpresentin
a virus.

This, I think, is onewayof statingtheproblem. Theremaybeotherwaysof statingit,
but theyall involvethequestionof whethercells containgeneticinformationother thannucleic
acidin composition. I havein mindasanexamplethepossibility that two-dimensionaltem-
platesexist carrying a specialkind of geneticinformationconcernedwith theassemblyof
macromoleculesinto membranesandorganelles.

MOROWITZ:Let mecomplicatethis story further by whathasappearedto meas apossibility for
relatingwhatis goingon in thesepleuropneumonia-likeorganismsor showinga relationship
betweensomevirus behaviorandsomecellular behavior. As you remember, I drewthis pic-
ture with theblebformation,whichI saidwasa kind of crystalline structure. WhatI meant
by"crystalline" wasthat it hasa characteristic sizeandshapeandthensomehowa newcell
seemsto form aroundit. This newcell thenhasthis crystalline bleb in it, whichsomehow
breaksupandgivesrise to twocrystallineblebs.

DANIELLI" I wantto raise a very strongobjectionto calling thesecrystals. "Organized," if you
like, butnot"crystals."

MOROWITZ:All right, twoorganizedblebs. These,then, repeatthis process. This is notun-
like conceptualizingavirus that growsits ownhostcell. Thefundamentalcharacteristic of
a virus is thatit packagesits DNAor RNA, andthenit escapesandgoesto a newhostcell.
Thereis a limiting casein thevirus whereit packagesits material; andas it comesoutof
thecell, it pulls somecell membranearoundit.

If wewereto goonestepfarther wherethe virus pulls a larger hunkof the cell andwithin
its DNAhadtheinformationto carry outpolymersynthesis, thenwewouldhavea casewith
featuresvery muchin commonwith thevirus growthexceptthat thevirus is carrying its own
hostcell alongwith it.

Perhapsit is possibleto envisionmanycells in that regard sothat there is a continuous
transitionherebetweenthepossibilities inherentin thesekinds of growthpattern. As I said,
wecangoonestepfurther so thatthe DNAcarrying thecodewith it hasenoughother appara-
tus andtheinformationto carry on further macromolecularsynthesis. I amnotsayingit is
the same. I amsayingwecouldthinkof a continuousgradationof this kind of behavior.

SAGER-Whatare thoseblebs? (fig. 12.)

QUIMBY"I wasgoingto askthesamething. Haveyou followedtheblebs in a kind of lapsedtime
photography,or anythinglike that? Dothedaughtercells eachcontaina bleb?

MOROWITZ."Dr. Quimby,whenyoutalk aboutlapsedtime photography,youmust rememberwe
haveto lookat theseundertheelectronmicroscope. Under theoptical microscope, thephase
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microscope, we see a dot. The cell is dead when it is under the electron microscope; thus

time lapsing is very difficult. We try to do the equivalent; we try to phase the culture and
then select time samples.

QUIMBY: The equivalent, of course, is what I had in mind; the fact that you have two of them, one

on each side of the cell, simply looks like the beginning of replication.

MOROWITZ: That is what we believe, too.

KLEIN: To come back to this point about the degree of autonomy in your survey of small cells

have you looked at blue-green algae? It seems to me some of these get extremely small. It

would seem that here we have a cell which is not only photosynthetic but has a tremendous

biosynthetic capability. Some strains, for example, fix nitrogen in addition to carbon dioxide.

MOROWITZ: I wonder if we could defer that until after Dr. Starr speaks; it will have more rele-
vance then.

STARR: I have only a few remarks to make. I could begin perhaps by attempting to answer Dr.

Klein's last question. He asked about the lower limit of size of blue-green algae. They are

self-nourishing and, like self-nourishing bacteria, the lower limit of size is about 1/2 micron.

I do not know of any micro-organism smaller than, let us say, 1/2-micron sphere or a rod of

1/2 micron by 1 micron, which is able to grow essentially with no more starting material than

ammonia and acetate or ammonia and glucose, for example. As a matter of fact, listening to

this discussion, I think we must consider that fact as a starting point--that an organism having

all the machinery for making everything from ammonia and glucose apparently experimentally
through evolution has ended up being about 1/2 micron in diameter. It must take that much

space to pack everything in.

KLEIN: This one is that large also.

STAB_R.: Yes. ! say thi_............by w_y af ha_rlnnin_,__, with the most common bacterium or blue-green alga,

one which is capable of synthesizing everything needed to make more cells from very simple

starting materials. One thing came to my mind in listening to Dr. Morowitz, and that is that

all organisms smaller than that are no longer self-nourishing. Almost every case, at least

the well-authenticated ones, are approaching parasitism if they have not reached rank para-
sitism. As an extreme case in that direction, I would like to take a moment or two to de-

scribe our laboratory pet at the University of California at Davis.

Last year the man fated to be my colleague this year, Dr. Heinz Stolp of Berlin, was

working on phage ecology, making a comprehensive search for the bacteriaphages of Pseudo-

monas. As one usually does in looking for new phages, he observed in some plates not thrown

away at the end of the day some slow developing plaques. After three or four days, these be-
gan to look like just ordinary phage plaques on lawns of the Pseudomonas that he was then

studying.

To make a very long story short, with the type of intuition of the prepared mind and the

fact that he is simply a bug hunter at heart, Dr. Stolp looked at those plaques by taking a bit

and putting it on a phase microscope, and the thing was just crawling with exceedingly tiny

bacteria. He is now working with me, and we have explored this little creature for the past

year. It has astonishing properties in addition to its tiny size. The size, the parameter

which interests us here, is on the order of 1/4 micron in diameter. They range up to as
much as 2 microns in length. A typical one would be 1/4 or 3/10 micron in diameter and 1

miercm ]hug. The volume relationship compared, let us say, to E. coli would be roughly
1/50, possibly 1/100, of the volume of the ordinary bacteria.

The size is not the astonishing feature, however, and it only came to my attention as the
result of following Dr. Morowitz's work. This is not the feature that attracted me or
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Dr. Stolp,who, indeed,is thediscovereranddeservesessentiallyall thecredit for whatever.
theseremarksare worth.

Thisorganismis obligatelypredatory, ectoparasitic, andmakesits living by lysing sus-
ceptiblebacteria thatit haspreviouslyattackedphysically, attachedto momentarily,broken
asunder,andthenproceededto live onthejuice. It is a strict parasite. It cannotbegrown
evenonfaintly killed cells--that is, slightly pasteurizedones. It will notgrowevenoncells
that I havebrokenupby everyarmamentof thebiochemist. Anydevicethatbreakscells al-
readydestroystheutility of the juicesfor thegrowthof this little creature. Wehavenow
studiedit extensivelyin terms of its habitat;it occursin everygramof soil wehaveever
lookedat to theextentof 101°°individualsandin everymilliliter of sewageto the extentof
100l°°°individuals. It is all over theplace.

Wehavenowfound,usingaspropagatingstrainswith ordinarydouble-layertechnique
that aphageexpertwoulduse, some20or 30different clonesin terms of thepropagating
host. Theseall turn out to beonekind of organism--atiny, slightly curvedrod 1/4 to 3/10
micron across, 1 micron long, andhavinga mostunusualflagellumastheother amazing
featureof theorganism. Theflagellumis severaltimes aslongasthebacteriumand,most
importantlyfor thewayit earnsits living, that flagellumis 50millimicrons in diameter(a
typical flagellumis 5millimierons).

Thisflagellumseemsto beordinarybacterial flagellumas far aswecantell by fine
structure. It propelsthat bacteriumroughly10timesas fast asanyotherbacteriamove.
Wehavevariousestimates,comparingwith the literature. Theflagellummovesquickly, as
canbeseenjust by lookingat it. Whenit hits abacterium, it really doesso. Despitethe
small massof this little creature, it will literally knockanE. coli cell completelyacrossthe
field, andcomputationscanbemadefrom that fact to indicatethe speedit has. It hits E. coli

broadside and remains attached for a moment. The bacterial cell, which is so attached and

attacked, becomes a sphere--"spheroplast" may be a proper term for it, but we are not sure

yet--and within 30 or 60 seconds is completely broken and falls to pieces. There is nothing

left of the bacterium. This organism is otherwise an ordinary bacterium.

POLLARD: Hydrodynamics of collision is purely a physical term. This is a problem for theoreti-

cal biology.

STARR: It is an ordinary bacterium. It has a cell wall, a double membrane, and a much invagi-

nated membrane structure; intracellular invaginations go all through the place from the very
small amount of thin section.

To come back to Dr. Morowitz T main theme, here is a small bacterium with extra bag-

gage, though with conspicuous consumption. It is only 3/10 micron across; yet it has a

typical membrane, a typical cell wall, and the extra baggage, the flagellum, and yet, it packs

all the information needed. Admittedly, though, Dr. Green, it does not have everything that

would be needed if it were a self-nourishing organism.

Having built up what sounds like a type of theorem that a very tiny organism must neces-

sarily be fully parasitic because it does not have space for all the machinery, I now must de-

molish that with the unfortunate observation that from these parasites we have been able now

to select three living saprophitic derivatives that, in turn, could be turned back to the para-

sitic form by selection. These three living saprophites are also very narrow: however, they

are not uncomplicated in their nutritional requirements and are perhaps as complicated as

microplasm. We have never really grown them in any defined medium other than the usual

mixture put together in the laboratory to grow this kind of organism. The little creature is

called Bdellovibrio bacteriovorus, a name suggested by Buchanan who saw some morphologic
and functional relationship to leaches. "bdello" means leach.

POLLARD: Does anyone want to argue with this remarkable phenomenon?
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PITTENDRIGH:Is it ananaerobe?

STARR:No, thehostbacteriaare all anaerobic,andtheseare growingasplaques. In other
words, thecolonyof Bdellovibrio is a plaqueonEE_. col___iior Pseudomonas lawn. They are re-

markable in one capacity; they are all catalase negative, as are all of the parasites and the

saprophitic derivatives. I would say from the very scanty growth the saprophites make that

they are just barely existing. We have not really studied what is needed to make them grow

better. They reach enormous populations. The parasite, for example, will knock down a

coli culture which has 10 9 cells/ml and become 101° Bdellovibrio in a period of a few hours.

LEVINS: It occurred to me that some of the problems relating to the evolution of cellular struc-

ture are similar to the problems we are working on in the evolution of ecological communities

and that the same techniques could be used. I am interested in the problem of the direction of

natural selection on structure. This morning we had some discussion about the role of struc-

tural differentiation within the cell, primarily in terms of diffusion. The selective advantage
to setting up a structure that brings enzymes together is the reduction of the diffusion time

from surface to surface. The selective advantage should be roughly proportional to the num-

ber of enzymatic steps brought together, and should also increase with the size of the cell

since the average diffusion distances would increase. Thus there would be an ascending curve
of selective advantage for a structure against cell size.

On the other hand, the cost to the organism of adding a new structure decreases slowly

with cell size. In a very small cell, the addition of a structure may duplicate the amount of

DNA needed or the quantity of protein; whereas in a large cell the proportional increase is

less. Thus the advantage and cost curves will eventually cross. This means that the addition

of new structures will be advantageous beyond a certain size but less so, or disadvantageous
below that size.

There is a second approach to the evolution of cellular complexity and spatial differentia-

tion. Suppose that we have two enzymatic processes, both vital for survival, with different
nT-I" _1_ _ _fh_ _. T_;._ fbn4- _-kn _.,_ _-,_ _T r n r_n_l_ _'_n_,_.4- _-_ _.r_n;,_n;_

of the two processes, so that each point represents the efficiencies of both for a given pH or

other internal state. The set of all points representing these efficiencies will be a closed re-

gion of the plane. A m_ture of inner states (spaiml or temporal) will be represented by a

point on the straight line joining the points of the states separately. In this way the original
set of points is concave; a mixed condition in the cell gives some efficiency points that cannot

be attained by single states. Since the overall survival value of the cell will be some mono-

tonic function of the values of each process separately, the optimum state is that which corre-

sponds to the point maximizing this function over all states or combinations of states.

Given this preliminary differentiation of the cell spatially, we can now look at another

process while thinking of the same process taking place in both parts of the cell. A number

of different enzymes carry out the same process. Now the axes represent compartment 1 and

compartment 2 of the cell, and each point represents the efficiency of an enzyme in both of

them. In that case, we can then have a set of points of the same kind and ask the question,

"Is it better to have a single enzyme that is carrying out the process optimally in one of the

compartments or a set of enzymes with properties that do intermediately well in each?"

Again, the same kind of argument will work; if the set is concave, the optimum situation will

be one in which we have a mixture of enzymes or a single enzyme that does well in one part
of the cell but not in the other.

If that is the case, the complexity is compounded now when we have even greater lack of

h_._ dishomogenei_, ,,,;fh;. th_ _11, _nd th+_ w_ hn_r_ _n avnh+t+nnn_-y p._h _. th_ rl;_

rection of greater structural complexity.

DANIELLI: Is this where isoenzymes come in?



76 THEORETICALBIOLOGY

POLLARD"Hecameat merather fast whenhediscussedthediagram. Thefirst oneI understand,
but thesecondonelost mein terms of theconcavityandtheconvexity. Am I theonlyonewho°
is lost?

LEVINS: Theconcavityandconvexitycomeaboutif the twopeaksfor theoptimaof thetwoproces-
sesare far apartwith respectto the inflectionpointsof thecurve. In otherwords, if the
curvesarenarrow, if therequirementsarevery specificcomparedto thedifferencebetween
their optima,weobtainaconcaverelationship;otherwise,wehavea convexone.

POLLARD:Howlongdoesit takefor this kindof evolutionaryprocessto work? Howmanydivi-
sionsare there? Whatis themechanism?Weseetheadvantage,but whatis therate?

LEVINS: Todothat, wefirst haveto put in themeasureof heritability and, secondly,a measure
of theadaptiveadvantagewhichcanbecalculatedif weconsiderthe efficiency-against-envi-
ronmentfactor curve for a pair of enzymes.

POLLARD:Let us say it is goingto happenandweare goingto observethis thingactuallyshow-
ing in, for example,100generations;haveyouanyfigures?

LEVINS."I haveno ideahowlongit wouldtakefor thegeneticvariant to arise to be selected.

POLLARD:Couldyounot invert theargumentby sayingyouknowit happensin 100generations?
Couldyouthensaywhatthegeneticvariantswouldhaveto be?

LEVINS'.Therate of changedependson theselectiveadvantageandalsothe geneticvariability
available. I donot thinkweknoweither of themyet; but, in principle, I think theyare
measurable.

POLLARD:If I giveyouthetime andthenumberof divisions, couldyougive methe variability?

LEVINS-I couldgiveyouanexpressionthat combinesthegeneticvariability andthe selectivead-
vantage;then, calculatingtheselectiveadvantageseparately,I thinkwecangetbackto the
geneticvariability.

POLLARD-Thereare a numberof pointsreally shouldbe touchedon. Someof thesedoconcern
membrane. I wonderif for a fewminutesanyonewhohasanyremarksaboutmembranewould
makethem.

STARR:I wouldlike to makeanotherremark onbehalfofsomeinterestingworkbeingdonein our
department,thoughnot in my laboratory, by StanleyHolt, a studentof Gerry Marr. Stanley
Holt, lookingat Spirillum roseum fine structure as a function of the light intensity under which

the organism is cultivated, has been turning up an interesting relationship in his electron mi-

crographs. Under very low light intensities, there is a most extensive intracellular mem-

brane system. It is an extreme. There is a great amount of intrusion of the membrane. At

very high light intensities, the opposite is seen. In fact, he sees essentially no intracyto-

plastic membrane intrusions. The relevant data are available for your examination if you

would like. They are in the form of thin sections of the Spirillum grown at both high and low

light intensities.

GREEN" Is the extension of the membrane in the interior an extension of both layers or of only the

inner layer?

STARR." Both, as far as I can determine, although I must admit my lack of competence in this

area. The membrane was simply sent along in line with what I thought the discussion of the

minimal cell would be; namely, what structures can be lost and still give a functional cell.

Accordingly I prepared as best I could a long list of such characteristics, this being one. I
do not know much about the details of membrane structure, and I am sure there are people in

the room who would be able to interpret these.
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SZENT-GYORGYI: Dr. Morowitz, your minimum cell is really very complex, it could not arise

continuously; thus, concerning the origin of life, this is a blind alley, so to speak.

MOROWITZ: Yes, I think this is essentially true because what is talked about as a minimum cell

here is a minimum cell using the present kind of hardware that has been evolved. These

structures must represent a great deal of evolution from primitive cells.

BAUTZ: Since I like to think of DNA as an evolutionary consequence of RNA, a very primitive cell

could do with RNA alone; I mean there is no a priori reason why we must have both DNA and
RNA.

MeMULLEN: But RNA would be almost as complicated and just as unlikely to be spontaneously

formed as DNA. In other words, what does this definition "de novo" mean? This is some-

thing I wanted to ask, myself, and thank you for bringing it up--the distinction between de novo

synthesis, biogenesis, and biosynthesis. At some stage I would like to hear the conference

discuss biogenesis--theories of biogenesis. I realize that the practical confirmation of this is

questionable, but I noticed in the original program we had an item concerning the prehistory

formation of macromolecules. I wondered what had happened to it. Are we leaving this to the
theologians ?

POLLARD: Not exactly the theologians. Dr. Fox is coming in to talk about it. At least he is

coming on Shmday. In my mind the de novo part is very simple. It is something you can do

yourself. Somebody actually does it in the laboratory and that is de novo. If it is biogenesis

and it has to go through many processes that we cannot simulate in any way for various rea-
sons then it can be biogenesis, but de novo means we can do it.

McMULLEN:. But are we going to discuss biogenesis on Sunday? Very appropriate'

POLLARD: With Dr. Fox here, it will be inescapable. The objective of the conference was for

us to go home and make cells after we had finished. We do not want to go back too many years
in the process to do that.

McMULLEN: Do you think you can make them without considering the evolutionary aspect?

POLLARD: This is what the conference is going to decide for us.

McMULLEN: Is it really going to decide it?

POLLARD: Yes. Because I do not believe we can continue much longer and make any sense.

D. ORGANELLE ASPECTS

1. Specificity of Organelles
Discussion leader: M. Ycas

DANIELLI: I would like to ask Dr. Slonimski to begi n or perhaps Dr. Ycas will start. But first I

want to list a few points I have noticed as we proceed in this area. First of all, one thing I
think would be really valuable to have in connection with the study of organelles would be the

theory of the physical state of these two-dimensional membranes.

We are sure that in these systems we probably have several phases coexistent at any one

time. Transition between these phases is important. We are just beginning to make bimolec-

ular membranes with defined structures--just beginning i_ exactly the wo_. I t_k we al-

ready know enough to put up a crude model of such a membrane as a basis for theoretical
studies.
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AnotherpointI wouldlike to commenton is theonethat hasbeenwrittenupaboutthe
static capacityof suchmembranes. I think thatthe small variation in static capacitywhich
weobservereflects thefact that capacitanceis aninsensitivemeasureof thevariations in
functionin suchmembranes. For example,wecanprobablyhavea variationof tenthousand-
fold in theelectrical conductanceof suchsystemswith a very small changein thestatic ca-
pacity. AndI wouldnotexpect, for example,thestatic capacityto changeat all significantly
if wepoison,say, thespecialglucosetransport systemexistingin suchmembranes. There-
fore, I thinkwhatis beingmeasuredthere is invariantpropertiesof themembrane,which
simplyrepresentsthefact thatwehavecontinuityof themembraneas such.

Thereis anotherpointrelative to someof theearlier discussion. Thequestionwas
raisedofwhata nuisanceit wasto providetheextra DNAto providepermeasesfor these
membranes. However,I think thefact hasto be facedthat a membranethatwasjust a bi-
molecularlipid structurewouldprobablybenouseto a cell whatever. In theoriginal papers
I wroteonthis subject, I definedthis asa structure correct to a first approximationandpos-
tulatedenzyme-likeareasin this membrane,whichhadthefunctionof securingthe transport
of particular speciesof molecules. I haveonly cometo appreciaterecentlythat theremust
beanothertypeof special structure--thereceptorswhichare notnecessarilyconcernedwith
the transmissionof moleculesacrossthemembrane,but whichare concernedwith thetrans-
missionof theeffectsof thepresenceof a moleculeononesideto thefar side of the membrane.

I thinkthesituationwhichwehaveto consider, therefore, is that everymembrane-based
organelle,at least, consistsof a basiclipid structure for whichwecould, I thinkwithouttoo
muchdifficulty, workoutphysicaltheory. Thespecialfunctionsof themembraneand, asa
matterof fact, thosefunctionswhichmakeit abiological membrane,dependupontherecep-
tors andthepermeasesthat are presentthere. Whenwediscussthe specificity of these
membranes,it is really thepermeasesandreceptorswithwhichweare concernedandonly
secondarily,I think, with thecharacteristicsof the lipid phases. (I couldbewrongabout
this).

At this point, Dr. Ycas, I wouldlike to turn over the leadershipof thediscussionto you.

YCAS: Dr. Slonimskiwill nowconsidersomeof thedataobtainedby studyof yeastmitochondria.
His work is basicto theproblemof the existenceof membraneinheritance,andI amsure it
will beof great interest to all of us.

SLONIMSKI:My commentsare purelyexperimentalandnot theoretical. I donot considermyself
a theoreticalbiologist; as abiologist, I ama rather purebiologist.

I wouldlike to discussfirst thedefinition of the mitochondrion. Everybodyknowswhata
mitochondrionis from a classicalpicture, but I think theproper wayto askwhata mitochon-
drion is is to withdrawvariousfactors from the mitochondrionandaskwhether, accordingto
our definition, it still remainsa mitochondrionby mutualconsent. Wecanwithdrawall the
cytochromes.Thelarge part of themass, theprotein massof themitochondrion,is com-
posedof cytochromesa, b, and c--the dehydrogenatedenzymes;andtheKreb's cycleen-
zymes. Eitherby mutationor by repressionandinductionphenomenon,wecanwithdraw, for
example,cytochromesa andb, theactivity of thecorrespondingenzymes,andseveraldehy-
drogenases;morphologicallyit still lookslike a perfectly goodmitochondrion. Wecanalso
withdrawcytochromec. Wehavea mutationthat preventsthe formationof cytochromec;
nevertheless,it looksperfectly like a mitochondrionandstill catalyzesrespiration.

Concerningthemembranethequestionbecomesmuchmoreoperational. If yeastis
grownunderstrictly anaerobicconditions,andif steroidsare suppliedin sufficientquantities,
theyeastwill grow. Whenwemakeserial sectionsof this yeast, wedonot findanythingthat
lookslike a mitochondrionin thesenseof the definition of theclassical membranehaving
spacing. Somemicroscopistsdoseesomekind of a vesicle; othersdonot. Somesaythat
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there is one vesicle per cell; others say that there is one vesicle per three cells. I do not

know, but there is certainly no mitochondrion by the morphological criteria. From this point

of view all the electron microscopists would agree that what they do see is not a good mito-
chondrion.

Nevertheless, within about 40 to 50 minutes after exposure to oxygen, we can see all the

mitochondria formed by all the criteria: morphological, spectroscopical, enzymological, and

immunological. Thus, either the time module of the membrane has been preexisting or it was

completely formed de novo. If it has been completely formed de novo, the cytoplastic mutants

show 100-percent irreversibility. To my knowledge, this is the only mutant in the whole field

of microbial genetics that has been tested for a reversion rate of 10 -12 with a reconstruction

experiment. All the mutants having exactly the same phenotype to revert, and with normal

frequency. Here we are faced with the problem of complete hereditary loss of function with-

out a concomitant loss of morphological structure. On the other hand, we have temporarily

phenotypic reversible loss of the complete morphological structure without the hereditary
loss of the function.

As Dr. Ycas said, there are agents that induce a loss of the mitochondrial continuity.

The classical example is the work on acriflavine. In acriflavine the mother cell retains good

mitoehondria for five or six divisions except for the daughter cells which are irreversi-

ble eytoplastic mutant. For purely technical reasons we do not know what happens to the

mother cell after the fifth or sixth division. These experiments have been done by micro-

manipulation in which the buds have been detached from the mother cell. When there are 32

or 64 cells, it becomes technically difficult to keep track of the mother cell and to know

whether it has been transformed into the petite or whether it has simply died. Therefore,

after many divisions there may be a transformation of the wild type into a petite, but for at

least six divisions there is none. This pictttre, of course, is mostly compatible with the idea

of continuity of the membrane. Let us say the mitochondrial membrane does not go through

but is somehow clogged or aggregated; it does not go to the bud when acriflavine is present.

ur, L_ us say that in any K,nu"" "of ..................acid, ..........DNA orr'epLLCal_lLl_system ,uvu J.vLu_ UUULV*U w.vu,_r

RNA, itdoes not make any copies that can be transferred into the progeny but they are still

present in the mother cell.

Recently we have discovered another agent, 5 fluorouracil, that does the same thing. It

introduces 100-percent mutation during cell division only, but with the difference that it in-

duces itsimultaneously in the mother and in the daughter. The experiment is simple--5

fluorouracil is put through a synchronous culture of yeast cells and buds appear. This is

specific for 5 fluorouracih 5 fluorodeoxythiamine does not do it. Reversal experiments with

uracil and thiamine and all possible combinations suggest that ribonucleic acid is involved.

The nucleic acid component favors this type of interpretation. "Whether itis an episome, a

chromosome, or a specialized ribosome does not matter.

Ifwe want to correlate the membrane continuity and the nucleic acid component in the

continuity of the mitochondrion, we can speculate that there is a system analogous to the

whole replication system of bacteria--analogous except that itis much smaller and strictly

within the cell. The replication system is composed of DNA and a piece of membrane, and

there is a mutual interdependence between the membrane and the memory, which is the cell

wall of the bacterium, and DNA, which is the bacterial chromosome.

We can speculate (and here itis easy to speculate because the experimental evidence is

hard to obtain) that the mitochondrion continuity is due to the ribonucleic acid component and

a piece of the membrane. Either the membrane permits the replication of the ribonueleic

to grow. "Whatever the block is, either one side or the other, the system becomes irrevers-

ibly changed.
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The second remark I would like to make, concerns the petite. It is also purely experi-.
mental and concerns the hmction of the mitochondrion. The function of the mitoehondrion is

to produce energy for oxidation and phosphorylation coupled to it. It is measured very easily

by the rate of respiration. Most of us who have measured respiration are accustomed to a

given value of the respiration. For example, yeast cell respires with a QO2 somewhere be-
tween 0 and 100. I do not remember the value for the liver, but I think it should be around

20, as it is for the kidney also.

I recently came upon a system where the same yeast cell can respire with a value of

about 2000, or perhaps even 4000. It happens in this way: If I take a cytoplastic mutant that

has permanently changed mitochondria, does not respire, has no cytochrome a, no cyto-

chrome b, and no cytochrome oxidase, its QO2 is 0. It is really smaller than 0.3. This is
my limit. I take a second mutant, which is a genic mutant. It is not a eytoplastie one but is

phenotypically exactly alike. It does not respire; it has no cytochromes and no enzymatic ac-

tivity. If I cross them, they do complement. This means that the cytoplasmic mutant has

something that the genic did not have, and the genic has something that the cytoplasmic did

not have. Therefore, the diploid issued from the cross of these two haploids does respire.

The strange thing is that the zygote respires at a tremendously high value immediately

after fusion; but within an hour, or an hour and a half, it becomes less prone to respire and

eventually returns to its normal respiratory value. This means that there is a tremendous
overshoot in the kinetics of the two--from a value of zero to an overshoot and then to stabili-

zation to the normal value of respiration. This overshoot is so fantastic that the mitochon-

drion, which we consider as a perfect machine for respiration (when we have the value of

100}, simply can do 20 times more. Now, what the actual system of regulation is I do not

know. This requires isolation of zygotes in larger amounts and this is technically difficult.

PITTENDRIGH: If you withhold oxygen from the zygote for a while and put it into an anaerobic
state, will it return to the same state?

SLONIMSKh That is difficult since they reproduce very poorly in the absence of oxygen. These

experiments are technically difficult because we must have pure zygotes.

PITTENDRIGH: What I am really after is this: Once it has returned to its plateau, if it is put

back into an anaerobic state again--

SLONIMSKh They behave exactly as if they were completely normal diploids. There is no
overshoot.

PITTENDRIGH: You do not get a transition?

SLONIMSKh No. Everything we do from here on is perfectly normal. But if we go to no oxygen,

we have no respiration; if we go back to oxygen, we do not have any, either. This overshoot

is, of course, interesting in several ways because it is regulated by many different genes.

We have just one cytoplasmic mutant, but we have several genic mutants; phenotypically they

look very much alike, but they are genetically located on different parts of the chromosome.

GREEN: Has not only the oxygen uptake but also the oxidative phosphorylation ever been
determined ?

SLONIMSKh In zygotes ? No, we do not get enough zygotes to manipulate.

GREEN: An interesting phenomenon which everyone is very aware of from studies of mitochon-

dria is that mitochondria, as normally prepared, operate at extremely low activity from the

standpoint of respiration and, if damaged so that the oxidation is no longer coupled to the syn-

thesis of ATP, the rate may be increased by a considerable factor. This increased rate is

usually the indicator that the system has been uncoupled. It is conceivable that in the initial
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phasethere is a transition period when the mitochondria are really uncoupled and, therefore,

they have this extremely high rate and, with time, the mitochondria gradually undergo re-
pair. It is actually possible to repair a damaged mitochondrion by appropriate means. Then,

once recoupled, it will resume its normal, comfortable rate of respiration.

SLONIMSKI: This is quite possible. It has been tested experimentally, not by measuring oxida-

tive phosphorylation directly. By indirect measurements we know the value of the uncoupled

respiration by uncoupled genomes in yeast, and it goes from 100 to 170. This is still a ten-

fold overshoot and the uncoupling in animal mitochondria, which is tenfold as you say, goes,

for example, from a QO2 of 10 to something like 100.

QUIMBY: One hundred what?

SLONIMSKh Microliters per hour per milligram of dry weight.

The last point I want to make concerns cytochrome c, which is the only protein we can do

something with in terms of primary protein struc_zre. Its complete sequence is known, and

I think it is the only protein for which complete amino acid structure is known for two or three

or four species, beginning with yeast and ending with the human heart.

For the other cytochromes, the situation is much more difficult; they are much more

complicated, and the amino acid sequences are not known. Thus, philogenetically speaking,

cytochrome c is always 100, 140, 180--it does not matter. We know where the heme is, and

we know about the pieces of the amino acid sequences that did not change between yeast,

wheat and human heart. There is a piece for about 10 or 15 residues that did not change.

Another part changes completely. The c terminal, however, is the same. (This is not my

work but that of several independent biologists. )

Three years ago we found a mutant in yeast that had little cytochrome c. We took the

cytochrome c (segregated a perfectly good single Mendelian gene that had been localized},

isolated it, and did the amino acid analyses. To our surprise we found that for a single yeast

mutation we obtained at least four and probably six substitutions.

CROW: Are these adjacent substitutions or scattered?

SLONIMSKI: Perhaps they are all adjacent; this would help us. Then we did pieces and found that

at least three of them were nonadjacent. Surprisingly there was an amino acid substitution

within the piece that did not change at all during evolution.

We were greatly bothered because such change in amino acid sequence as the result of

gene mutation was unexpected. Then, we looked more closely at the system and found an ex-

planation that makes the system more orthodox. The normal mitochondrion has two cyto-

chrome c's that are identical in function and in spectrum, except for this amino acid substitu-

tion. Normally in a wild type of strain the proportions are 99 to 1 and even 99.7 to 0.3; thus

the minor component is not seen.

We also looked for other mutants, and we think we have a third one. However, for this

we do not have amino acid data which are sufficiently demonstrative, but let us talk only about
those two. We call them iso-1 and iso-2.

Personally, and mostly in view of the indirect and genetic evidence, I prefer the hypoth-

esis that the second eytochrome e is the controller or, if preferred, the repressor of the

synthesis of the first cytochrome c (of the continuing one}. As a matter of fact, it is not the

cytochrome c as such but the new polypeptide chain of the iso-2 cytochrome c that is the con-

troller of the synthesis of the functional type, the iso-1. The arguments are, as I said, in-

direct but there are three predictions from the evidence. One is that the model of the control

....... s_,_o to _,,_ ._,_uaL model, vxcepL Lhat it specifies that the repressor is nothing but

a polypeptide chain strictly identical (by the usual criteria) to the functional polypeptide chain.

We can predict the following: When we have a completely repressed cell having no
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cytochrome c at all, the nude polypeptide chain of the iso-2 is sitting in the cell and it is re-

pressing. On the induction we have, of course, the iso-1 synthesized, which means that iso-2

went away from the repressing site.

BAUTZ: How is the induction brought about?

SLONIMSKI: By oxygen. An easy way of doing this is to add heine and pull it away. But the pre-

diction is that if we do an isotopic labeling experiment and if we first catch 50 molecules of

both iso-1 and iso-2 synthesized, (which are both synthesized simultaneously) one is synthe-

sized by adding heme and pulling it away, and the other is synthesized de novo from heine.

In such an experiment, the molecules of iso-1 should be completely labeled and the molecules

of iso-2 should be made from a high molecular product. This experiment has been done, and
it has given this response. While we could not at first catch 50, 15 or 20 molecules per cell,

we have done it at a level of about 200 molecules per cell and obtained the answer that iso-2

was 15 percent labeled, relatively speaking, while iso-1 was more than 90 percent labeled;
thus we had a factor of 5 to 6.

The second prediction is that there should be mutations in which either not having iso-2

or having a diminished amount of iso-2 should increase the synthesis of iso-1 (and there are

such mutations). If this is so, then there is a regulatory system of some kind. If we want to

extrapolate and speculate on this kind of model, for every function of the polypeptide chain

there is another almost identical polypeptide chain which will play a rather different role.

GREEN: Would you predict that the repressor, as you call it, would not be in the mitochondrion,
then ?

SLONIMSKI: I do not know where it takes place. I do not want to--

GREEN: It would not be much use in the mitochondrion, would it?

SLONIMSKI: What I can catch is only the iso-2 cytochrome c; that is, with the heme attachment.

What I call the repressor is the nude polypeptide chain which preexists the induction. If we

have a labeled precursor and if we use the proporphorin, we should be able to catch it. That

is what we are trying to do, but it is difficult. Whether it is on the mitochondrion or not, I

do not know. In an anaerobically grown cell, I do not have a mitochondrion in the sense that

I see something--a bag with a double membrane and the crystae. I have a corresponding

amount of proteins that I make in an ultracentrifugation separation. I also get something in
the region that says whether it is mitochondrion sediment.

What I wanted to say, and this is purely speculative, is that perhaps during evolution

what was important, as in the case of the minimum cell of Dr. Morowitz, was to get the cell

growing more and more efficiently, and to get it growing more efficiently means regulation.

If this is a type of regulation--that is, making polypeptide chains that are almost identical--

this would mean setting more and more genes very similar in structure to the first function.

This is like Parkinson's Law: The way to create complexity is to have more and more

employees in an office, with the result that the efficiency per employee is lower and lower;

thus the only way of losing information, once we have it, is to get a new information to pre-

vent the first information from working. But we cannot lose information, as such, in the

sense that we cannot lose a piece of a genetic information which has been coded. Of course,

there are deletions; no doubt there are deletions, but I do not think that deletions are selected

by evolution, which would explain why we have such a tremendous amount of DNA. The

amount of DNA per cell in a mammal is at least 1000, if not 10 000, times greater, not only

in a PPLO cell but also in anE. coli cell. Nevertheless, the amount of protein is different;

the enzymes certainly are not 10 000 times greater, which would mean that if all this specu-

lation has any sense, probably 99 percent, or maybe even more, of the genes are the genes
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which are regulatory in function. Thus, we are losing function by making more inhibitors of
cell function.

DANIELLI: I think this is certainly a very provocative series of remarks, but I do not think we

should attempt to discuss them tonight because the hour is too advanced. The time has come,

therefore, when we should break off. I want to ask that, whatever may happen in the way of

informal discussion in the course of the next few hours, discussion on this interesting theme
should continue tomorrow.

2. Synthesis of Organelles

Discussion leaders: D.E. Green, S. Fox

DANIELLI: We began talking on the organelle aspect of this program yesterday. I think we ought

to thank Dr. Slonimski for presenting an interesting set of data and speculations and also for

doing so at what I guess was something like 3:00 a.m.

After discussing the way in which we should conduct today's session and talking to people

who would like to participate, I thought it would be best if we immediately moved on to dis-

cuss the structure of organelles, particularly the membranous ones, and then go into the

question of specificity and formation of organelles.

As I was pointing out, the structure we have to deal with in the case of certain organelles

is two-dimensional. However, there are also, of course, many, many organelles that might

conveniently be thought of as one-dimensional units--such organelles as spindles, muscle fi-

brils, and flagella, which might be regarded as assembled from linear arrays. By compari-

son other units such as mitochondria, chloroplasts and plasma membranes might be more cor-

rectly regarded as two-dimensional units. Some interest might arise from considering the

different problems arising from those two types.

In the case of the membranous unit, the specificity of function is probably associated with

permeases, receptors and such other macromo!e_a!es as ___e associat__ _th the membrane.

Yesterday I put in a plea, for example, for retaining the word "permease" to describe the

macrornolecules specifically associated with the transport phenomena in the membrane. It is

a word without any very precise meaning and it is quite appropriate because we do not have

any very precise information about these things. I think it is better to keep a rather indeter-

minate term to describe the macromolecules and their functions until they have actually been

isolated and we know their functions exactly.

It could be that those people working on the mitoehondria have come up with a system

which can be more precisely defined, and it will be interesting to hear about that.

There are a number of problems that I have not space to write up on the board but which

I will briefly read out. First, in these membranous units, are we correct in thinking that

lipid performs a relatively nonspecific function and that the whole of the specificity resides in
the maeromoleeules ?

Second, I think we can say that it would be relatively easy to develop a physical theory for

the structure of the lipid phase in these membranes, and I would like to suggest that that

should be one of the endeavors in the field of theoretical biology.

Third, to what extent do the lipids and macromolecules interact to form specific lipo-

proteins? Supposing they do, the question arises which was put forward by Dr. Yeas: Do the

lipids come first and then determine which maeromolecules assemble into the membrane, or

do the proteins come first and determine which lipids are assembled into the membrane ?

_ t,v..._ out +_"_*w o _ ,n, _,nw wh_t tb_ dewree of interaction is across

this type of membrane, but we do have to remember that the dielectric constant of the mem-

brane is probably on the order of 3, at least in the lipid layer. As a result, if we consider



84 THEORETICALBIOLOGY

molecular attraction between the two macromolecules on opposite sides of the membrane,

they are really much "closer" together than would be thought. This 40 angstroms of hydro-

carbon is equivalent to about 6 angstroms of water. Therefore, we must consider seriously

the forces acting across the membrane. This is a problem which has not been adequately

studied from a theoretical point of view.

Fifth, I would like to raise the question of the forces acting between two such sets of

membranes. This is in itself quite a complex problem. I do not suggest we settle down to

discuss all these hypotheses at the moment. Instead, I am going to ask Dr. Green to present

us with concrete data on mitochondria. I suggest that we bear these five points in mind as we

enter into the discussion during the day.

GREEN: We thought it might be appropriate to begin a discussion of membrane systems by re-

viewing some recent developments in the study of the mitochondrion. Therefore, I am going

to point out the kind of evidence that has been used to build up this picture and also some of

the outstanding problems that would be of interest to a theoretical biologist. I think the mito-

chondria is frequently conceived of exclusively in terms of one flmction; namely, the capacity

to convert oxidative energy into the bond energy of ATP. This transduction is, of course, its

fundamental property but there are indeed other equally important properties (ref. 37). For

example, it has the capacity for ion accumulation, and when I talk about ion accumulation I

mean energized ion accumulation, and that brings the mitochondrion at once into line with all

other membrane systems. It also has the property of contractility and carries on a series of

synthetic reactions. Thus the mitoehondrion is more than just a device for converting oxida-

tive energy to the bond energy of ATP.

I would like to develop the thesis that the mitochondrion is basically a membrane system

(ref. 38). While its primary function is indeed this coupling of electron flow to synthesis of

ATP, it is a prototype of membrane systems generally, and many of the properties which I

shall describe--structural properties as well as functional parameters--are applicable in

large measure to other membrane systems.

GRENELL: Could I just ask Dr. Green if, in the light of that statement, he would care to sug-

gest any specific differences between this general representation of membranes and an excit-
able membrane ?

GREEN: No. In many cases we cannot define with great precision what is meant by an excitable

membrane, but we can conceive of the membranes, for example of a nerve cell, as no differ-

ent in character than a mitochondrion from the standpoint of structure. The difference may

lie entirely in the primary function, but I think it might be easier to answer your point as we

go along and consider the general properties of membrane systems--properties that are not
unique to the mitochondrion.

FREMONT-SMITH: Does that mean we really will get the point answered, or does it mean it will

be elided? Because this frequently happens, quite unconsciously, when somebody says, "Let

me take it up later." The time when a question needs to be answered is at the time when it is
asked.

GREEN: I believe it is implicit in the development; if it is not implicit, I hope you will do me the

favor of asking the question again.

FRIEDENBERG: Will the permeability characteristics of this membrane system be treated as
well ?

GREEN: Yes, I will deal with those as we go along. But before we deal with the functional param-

eters, we will have to consider some morphology. The two things, of course, are inextricably

connected, but I will try to deal with them separately for reasons of simplicity.
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I think we can conceive of the mitochondrion as a

structure made up of the following elements (ref. 17):

(1) an outer layer that encompasses the entire organelle

and delimits the organelle from the environment; (2) an

inner layer separated from the outer layer by a space;

and (3) a network or matrix system of protein and lipid,

which is probably attached to the inner layer. Let us

consider first the two-layered arrangement of the mito-

chondrion depicted diagrammatically in figure 13. The

outer and inner layers are both chemically and struc-

turally distinct. They fulfill different enzymatic func-

tions. The space between the two layers contain a fluid

in which we have mason to believe are present the vari-

ous cofactors and ions essential for the activity of the

enzyme systems associated with each of the two layers.

The enzymatic events that take place in the mitochondrion

are localized at different sites and the layer arrangement

and geography of parts are relevant to the logistics of

these mitochondrial events. The diagram shown in fig-

ure 13 does not resemble the picture of the mitochondrion

all of you are familiar with. If we infold the inner layer

in the form of tubular invaginations or cristae, the clas-

sical form of the mitochondrion becomes recognizable

(fig. 14). Notice that the space within the cristae is con-

tinuous with the space between the outer and inner layers.

The proteins of the inner layer and of the matrix layer

are chemically linked to lipid predominantly in the form

of phospholipid (ref. 39).

DANIELLI: No cholesterol?

GREEN: The amount of cholesterol is negligible in mitochon-
dria, and it is really not relevant to our purposes at the

moment. About 95 percent of the lipid is in the form of

phospholipid, and the total amount of cholesterol is on the

order of 1 or 2 percent and is really of no moment as far
as the mitochondria is concerned.

Let us make a balance sheet of the amount of protein

distributed between the two layers and the matrix (ref.

40). The matrix accounts for some 60 percent of the

total protein whereas each of the two layers accounts for

about 20 percent. The protein to lipid ratio is about 7:3

in the inner layer and in the matrix, but it is somewhat

less in the outer layer (not all the proteins in this layer

are linked to lipid).

The bulk of the mitochondrial protein is contained in

the matrix layer--a layer which we have reason to believe

is localized in the interior of the mitochondrion (i. e., on

the interior side of the cristae and the inner layer). This

INNER
LAYER

Figure 13.--Two-structured

layer arrangement of the
mitochondrion.

INNER
LAYER

SPACE
BETWEEN
LAYERS

Figure 14. --Infolding of inner
layer to form cristae.

matrix layer is a network of three polymeric proteins, structural protein, and the two con-

tractile proteins--actin and myosin (ref. 41). The monomeric species of each of these three
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polymersis of relatively small molecularweight. Themonomerof structural proteinhasa .
molecularweightof about22000. Thethreepolymericproteinsarecross-linkedinto a con-
tractile networksystem.

Fromhigh-resolutionelectronmicrographs(refs. 17and18), it hasbeendeducedthat
boththeouterandinnerwalls are madeupof particles that arebondedtogetherto makeone
continuouslayer. Theparticles of theouterwall are madeupof a set of enzymaticcom-
plexes,whichappearto be involvedin implementingthecitric acid cycle, fatty acidoxidation,
theoxidationof B-hydroxybutyrate,andsomefacetsof lipid biosynthesis(synthesisof fatty
acids andphospholipids).Theparticles of the inner layer areknownas theelementaryparti-
cles, andthesecontainthecompleteelectrontransfer chainaswell astheapparatusfor cou-
pling electronflow to the synthesisof ATP. I amnotgoingto saymuchabouttheparticles
ontheouterwall becausewehavenotasyet examinedthemin anysystematicfashion. The
particles onthe insidewall havebeenvery carefully studied, andwearebeginningto under-
standalittle abouttheir fine structure.

Considera singlecrista andthepicture whichemergeswhenthis is examinedby high-
resolutionelectronmicroscopyafter stainingwithphosphotungstate.My colleagueH.
Fernandez-Moran(ref. 17}of theUniversity of Chicagoandour grouphavecollaboratedin
this joint ventureovera periodof 3years. Theindividualparticles that makeup thewall of
the cristaehaveatripartite arrangement(fig. 15). Thethreeparts are (1}a sphericalhead
pieceof 80--100angstromsin diameter; (2)a cylindrical basepiece45x115angstroms;and
(3}a cylindrical stalk connectingtheheadpieceandbasepiece(35x55angstroms). Note
that thefusedbasepiecesof theelementaryparticles makeupthewall of thecristae. I
shouldmentionthatthe elementaryparticles canexist in two forms--atripartite arrangement
as just describedanda compressedform which is thatof a sphere150angstromsin diameter.

STARR:Whatis the locationof theadjacentheadpieceon theadjacentcrystal, just roughly--the
nextcrystalover from theonein figure 15.

GREEN: Therewouldbea spaceseparatingthe elementaryparticles ononecrista from thecor-
respondingparticles of adjacentcristae.
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Figure 15. --Arrays of elementary particles in a crista and the

three parts of the elementary particle.
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STARR: A regular space--80 to 100 angstroms, roughly?

GREEN: I am glad you raised that question. When we look at the electron microscope photographs

(ref. 17) of mitochondria that have been fixed with osmium, we have the impression of extra-

ordinary regularity; they are arranged like soldiers in rows and all the cristae seem to have

very precise dimensions. When phosphotungstate is used as a fixative, which shows up the

structure very nicely, we do not see this regularity. The cristae are very irregular in width.

It is a rather extraordinary business that, as we see more and more structure, more and

more irregularity of the overall contours of the mitochondrion emerges. Therefore, to this

question of how far apart are cristae or how wide is the interior of a crista, it is not possible

to give a precise answer. We find great variations.

Now, what is especially noteworthy is that the outer layer of the erista is made up of the

fused base pieces of these elementary particles. In other words, one layer of the membrane--

if you like, the inner membrane--is, in fact, an essential part of this elementary particle;

thus, we cannot distinguish between membrane and associated particles because the membrane

is a fusion of the base pieces of the elementary particle.

Where is the structural protein? In this regard the electron microscope as yet has not

been very helpful. We know that there is some type of network material in here, but how to

describe and characterize it is still a mystery and more work has to be done in defining it.

All we can say from available evidence is that it must be concentrated somewhere in the in-

terior. What it looks like and how it is actually connected with elementary particles, we have
no idea.

I would like to say a few words now about the electron transfer system of the mitochon-

drion. From the observed dimensions of these three parts, we can calculate what the molec-

ular weight would be. That would be a simple calculation based on the known density of the
various parts of the mitoehondrion, which would be about 1.25 and the Observed volume of the

three parts. From the total volume and the density, we can calculate the molecular weight.

The molecular weight, so calculated, has a value which lies between 1_ 3 and 1.4 m!!!ien.
Timt would be the dimensions of the electron transfer chain ff we assume that the electron

transfer chain is, in fact, associated with these particles. We can isolate from the mitochon-

drion a unit of about that molecular weight, actually about 1.4 million. * When we isolate that

unit, it is not a tripartite unit but a sphere of 150 angstroms in diameter, of the correct size

to match a unit 1.4 × 106 molecular weight.

I do not want to go into all the evidence, but we think that there is a good body of evidence
to justify the identification of the electron transfer chain with these particles on the inner

wall. Perhaps the most cogent bit of evidence is that if the mitochondrion is jiggled with sonic

irradiation, the particles of the outer wall are dislodged as the external membrane is broken.

But all the elementary particles associated with the inside wall are unaffected by sonic irradi-

ation and remain attached to the cristae. These fragmented cristae still retain the complete

electron transfer function and still retain these characteristic particles while all the other

particles have been dispersed and left in the supernatant.

We know something about the arrangement of the electron transfer chain that will permit

us to see a very important relationship between the structure of the chain and the structure of

the elementary particle as visualized by the electron microscope. The electron transfer

chain, in essence, can be conceived in the following way: It is a chain in which electrons

move from DPNH to oxygen or from succinate to oxygen, and it consists of four complexes.

We can represent it as depicted in figure 16. The electrons move through a set of complexes

in the order shown. In each complex are bunched a set of oxidation-reduction proteins. We

designate the various complexes by roman numerals (I-IV). The molecular weights of these

*D. E. Green, H. Tisdale, and A. Tzagoloff, unpublished studies,
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PROTEIN SHELL

HYDROCARBON

PORTION

PHOSPHOLIPID

PHOSPHOLIPID CORE

Figure 16. --Diagrammatic representation of a complex of the electron

transfer chain. The protein shell (on the periphery) consists of four

proteins hydrophobicaUy linked one to the other. The inner edge of the

protein shell is covered with phospholipid. The fatty acid residues of

the phospholipid interdigitate with the hydrophobic side chains of the

amino acids in the proteins. Not shown in this diagram are the func-

tional groups of the protein that are oriented in the lipid core.

complexes are known and they will sum to a value of 1.4 million. Let us say that each com-

plex accounts for roughly one-quarter of the total molecular weight of the electron transfer
chain.

The structure of these complexes is of great interest to the group here.

POLLARD: Would you say that is three-quarters of a million total molecular weight?

GREEN: Yes, 1.4 million is the molecular weight. Neglecting the fact that the mass is not uni-

formly distributed among the four complexes, we may say that as an order of magnitude each

complex has a molecular weight of from 3×105 to 4x105.

GRENELL: This includes everything--the oxidative phosphorylating things and cytochromes and
the whole works ?

GREEN: This includes everything that is pertinent to the primary transduction.

From studies which we have carried out (ref. 42) on the coupling proteins required for

the terminal stages in the synthesis of ATP, we estimate that the total contribution of these

proteins to the mass of the elementary particle would be less than 10 percent, and even

smaller if these proteins are dissociable from the particle, as appears to be the case.
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The electron microscopic study of the individual isolated complexes of the electron

transfer chain has as yet not been carried out thoroughly (ref. 17). Our impression is that

the complexes are spherical in shape and that the interior of these spheres has a different

electron density from that of the periphery. We interpret this bimodal appearance of the

complexes in terms of an outer shell of protein and an inner core of lipid. Our proximate

calculations indicate that the amount of lipid present in each complex is insufficient to cover

the periphery of the sphere which corresponds to the complex and that an interior position for

the lipid would be mandatory. The various proteins present in each complex would be bonded

one to the other in the outer shell (fig. 16). This whole problem of lipid-protein packing in

macromolecules should be of intense interest to the theoretical biologist.

QUIMBY: Are you talking about the primary particle in the inner layer?

GREEN: I have just been referring to the electron microscopy of the individual complexes of the

electron transfer chain. I have yet to relate these complexes to the three parts of the ele-

mentary particle. We are considering now the electron transfer chain that we can isolate

from the mitochondrion by classical chemical methods. We have a unit of molecular weight,

1.4 million. We can resolve it into these four segments (refs. 37, 43 and 44) roughly equal

in molecular weight, and we are now concerned with the structure of the individual complexes
of that chain.

POLLARD: Is that one of those segments?

GREEN: That is right. Figure 16 shows one such complex. It would be I, H, IH or IV. What I

am saying now has general applicability to all four complexes, although our most definitive

evidence comes with complex IV where we can, in fact, see in the electron microscope the

doughnut character of the complex.

GRENELL: Has the molecular weight problem been settled, actually? There was, as I remem-

ber, some difficulty about this.

GREEN: Yes, there has been a serious difficulty in regard to the molecular weight of the elemen-
tary particle, but I believe this has now been satisfactorily resolved. The estimated molecu-

lar weight of the particle seen in the electron micrographs and the determined molecular

weight of the isolated particle containing the complete electron transfer chain both come to the
same value--1.4 ×106.

YCAS: Is this precisely isolated? How is it broken up?

GREEN: That would be a long story. The bonds that hold together the four complexes of the unit

containing the electron transfer chain are predominantly lipid-protein bonds, which are hy-

drophobic in character. Bile salts in combination with salts such as ammonium sulfate or

acetate have proved to be the most effective reagents for rupturing these bonds.

MOROWITZ: The structure represented by the line in the right-hand drawing (fig. 16)--what is
that ?

GREEN: The fused base pieces of the elementary particles constitute the walt of the crista. The

crista can be conceived of as a hollow tube, the walls of which are made up of the base pieces

of the elementary particles. In my line drawing of the crista, I represented the wall by a
line.

MOROWITZ: Is this true of the outer membrane also?

GREEN: The particles on the outside wall or layer of the mitochondrion have not been thoroughly

studied by us. We can say with confidence that the particles of the outer wall do not show a

tripartite arrangement as do those of the inner wall.
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FOX: Is thedescriptionhereanextensionof your earlier statementthat thecomponentsof the
doublelayer differ chemically? From the simpledepictionin thefirst instanceof a double
layer youhavemadesomechanges,andI amwonderingif theyareanelaborationof that first
statement.

GREEN:If, as wehavereasonto believe, theparticles of thetwowalls are not identical, then
therewouldbecorrespondingchemicaldifferences. For example,noneof thefunctional
groupsof the electrontransfer chainwouldbepresentin theouter layer. In addition, the
propertyof ion translocationappliesto only oneof thetwolayers.

FOX: Thatis afunctionaldifference?

GREEN:Admittedlythecapacityfor ion translocationis a functionalattributeof a layer andnot
achemicalproperty, but this capacityhasto be referred backto chemicalstructures.

FOX: Whatdoyouknow,specifically, aboutthedifference, chemically?

GREEN: Themaindifferenceis thattheparticles of theouterwall fulfill a differentenzymatic
functionthando theparticles of the innerwall. That is to saythe enzymesonthetwowalls
are different.

FOX: Howdoyouknowit is different chemically?

GREEN:Shallweput it this way? If thetwowalls havedifferentenzymaticproperties, if there
is a propertyin one wall that is not present in the other, we are so bold as to assume that

this is related to the chemical composition. Would you agree?

FOX: Surely, I would agree, but I interpreted from your initial statement that you had some

chemical specification that could describe this difference.

GREEN: We cannot isolate pure outer wall or pure inner wall and do chemical analyses. We

infer the chemistry of the walls from the nature of the associated enzymes. The difference

in enzymatic composition is our basis for postulating a chemical difference.

FOX: That answers the question. Thank you.

YCAS: Dr. Green, by that are you implying that the lipid is in the structure on the left of figure

167 Does that account for the total lipid in the inner layer?

GREEN: Lipid is uniformly distributed throughout the mitochondrion except for some of the par-

ticles associated with the outer wall. Apart from these exceptions noted, the ratio of protein

to lipid is about 7:3 throughout the mitochondrion (ref. 45).

MANILOFF: Are these hexagonally arranged? If we looked down on this instead of at a cross

section, would we see hexagonal close packing?

GREEN: That is right. We would see a mosaic of these headpieces and we do, in fact, see such.

MANILOFF: There are no holes, then, in this?

GREEN: Holes?

MANILOFF: Areas of the surface that are not covered by these base spherical things.

GREEN: When the crista is seen in top view as a mosaic, there is of course a space between the

adjacent headpieces that make up the mosaic.

MANILOFF: How about the base ones? Do they fill completely the entire cell?

GREEN: I believe that the available electron micrograph evidence gives no encouragement to the
notion that there are holes in the walls of the crista or of the outer wall.
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G/kRFINKEL:Do theelegantmembraneparticles containthehexokinasesthat are sometimes
foundassociatedwith mitochondria?

GREEN:Wereally havenot studiedthatparticular point.

MOROWITZ:Whatis thecorrespondencebetweenthepictureyoushowandtheusualpicture of the
sandwichmembrane?

GREEN:Let meput it this way. Thesandwicharrangementof thecrista appliesregardlessof
whichfixative is used. By that I meanweseetwodenselystainingouter layers separatedby
anelectron-transparentregionbetweenthesetwolayers. Whatis variablewhendifferent
fixativesare usedis not this three-layeredarrangementbut thedimensionsof thestructures
or particles makingup theouter layers of thesandwich. In addition,there is variability in
thewidthof theselayers as seenin electronmicrographsof specimensfixed in different
ways. Weexplainthe changein substructureof thelayers in terms of thedepolymerizingac-
tion of certain fixativessuchasosmiumtetroxide. Stoeckeniushasrecently demonstrated
that theelementaryparticle virtually disintegratesinto smaller unitswhenexposedto osmium
tetroxide, andthis transformationis probablya consequenceof rupturingthebondsbetween
the subunitsthat makeup theparticle. I considerosmiumas a scramblingreagent.

McMULLEN: Doesnotphosphotungstatealso scramblesomewhatin thesensethat phosphotung-
stateis not suchanactive fixative? It is moreof anegativestainingtechnique.Whyshould
the structuredeterminedbyphosphotungstatebeanymoredefinitivethanthatdeterminedby
osmiumtetroxide?

GREEN: Thereasonsare purely chemical. Phospho_ngstateis a relatively mild reagent. It
reacts electrostatieallywith particles suchastheelementaryparticle, andthis interactionis
reversible. Whenphosphotungstateis removedfrom theparticle by repeatingwashing,full
enzymaticactivity is restoredto theparticle. I considerthis a fairly goodindicationthat no
violent changeshavetakenplacein theparticle. Thereare noprecedentsin enzymologyfor
retentionof activit-yin catalyticproteinsthat havesustainedproibundstructural changes.
Thus, I believeit is justified to considerretentionof activity asprima facieevidencethat no
major structural changeshavetakenplacein theproteins. By this criterion wecansaythat
osmiummustbe inducingprofoundstructural modificationsinceit completelyandirreversibly
destroysenzymaticactivity.

MANILOFF: Are you thensayingfixatives thatretain enzymaticfunctionsare, by definition, good
fixatives for morphology?

GREEN: As a roughguide,yes;the lessdamagedone,the more reliable the resultsare likely to
be. For example,asI understandit, theviruses arestill viableafter interactionwithphos-
photungstate.

DANIELLI: I think there is a pointhere, Dr. Green. Tofix, weare obligedin somesenseto
solidify the structure.

GREEN:Not quite. Notwith this reagent. Thatis just thebeautyof it. Thephosphotungstate
coats theparticle, andwhatweseeis the structurewithin thedenselystainingcoat.

DANIELLI: Howdoweknowthat thestructure inside is thewayit wasoriginally? Yousaythat
interactionbetweenthephosphotungstateandtheadditionalstructure is primarily electro-
static. It seemsto methat in a systemlike this thereis a considerablerisk of settingup
phasechangeswith redistributionof theparticleswhichremain, shallwesay. intact asfar
as their internal structure is concerned,butwhichare rescrambledintodifferentaggrega-
tions. If I understandthepresentevidencecorrectly, whenweunscramblethewholestructure
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andgetseparateunits (I, II, III, IV}, wecouldnotpossiblydefinewhattheoriginal relation-_
shipwasbetweentheseandthemembrane. All weknowis that it makessensebiochemically
to havetheseunitsaggregateintoonebody,but wedonotknowwhetherthespatial relation-
shipbetweentheseparatedfractions is thesameasthespatial relationshipsin theoriginal
membrane.

GREEN"Yes. Well, I wouldsaythatweare relying ontheevidenceof theretentionof the enzy-
matic activity. This is our mostpowerfulbit of evidenceand, to my wayof thinking, if you
wantto contendthatthis is not agoodindicationof thestateof thesystem,youwill haveto
comeupwith a better criterion thanenzymaticactivity. Youareopposingavery powerful
bit of evidenceby a vagueintuition that somethingmighthappen,but this intuition is notbased
onchemicalevidence. Yoususpectthat thingsmighthappen.Wewouldtakethepositionthat
sinceenzymaticactivity is fully retainedin all its essentialcharacteristicswecaninfer that
nobasicmorphologicalchangeshavetakenplace.

FORRO:Thereis at leastonepieceof evidencethat canbethoughtof in terms of enzymesthat
will actuallywork in crystalline form. I knowthat ribonucleasecanbekeptcrystallized in
ammoniumsulfateandwork onsmall substrates. Here is a morphologicalchangeinto solu-
tion ofindividualparticles in onecase, andin theother theyare relatedto eachother in
crystallinevariety.

GREEN-"Well, yes, but crystallizationwouldnotbeequatedwithunscramblingof thestructure,
wouldit?

FORRO.No, but therecanbea changein form andretentionof function.

GREEN"Thatsort of change,I think, wouldbe_

POLLARD"Howis theform changedoncrystae?
FORRO:Thatis the $64000question--whetherthe internal structureof the individualmoleculeis

alteredat all.

POLLARD: Is anychangeexpected?
FORRO:I donotknow. In fact, I think that is whattheseexperimentsarebeingconductedfor.

POLLARD-Whatwouldhaveto bebasedin crystals? I cannotquiteseewhytheaggregationof a
set of moleculestogethermeansthat themoleculesare altered.

FORRO"No, I havemisstatedthepoint. I hada slip in reasoning. Theexperimentis beingdone
for anotherreason,andthat is to seewhetheror not, in fact, in the crystalline form there is
a differencein the internal structureof the molecules,whetheror not theyare actingonsub-
strate. I wouldnothaveanygoodguessas to whetherthethree-dimensionalform is different
in solutionthanin thecrystal. ThepointI wasmakingwasthat wecanhavea different physi-
cal state,essentially, andstill haveactivity. Therefore, it seemsto methat thereasoning
that, becausewehaveactivity preserved, this automaticallyguaranteesthat thephysicalstate
is theonethatwasthereoriginally is not valid.

GREEN:PerhapsI canput it moreprecisely. I think there is a rangeof fluctuationin protein
form that is compatiblewith enzymaticactivity. Within that range, wecannotsaythatno
changehas takenplace;but therescrambling, the completechangein protein state, is, I
think, interdictedwhenthere is full retentionof enzymaticactivity. I wouldlike to hear of a
proteinwhichundergoesprofoundstructural changewithoutloss of enzymaticfunction.

DANIELLI_I donot think that is really the issueweare questioningyouabout. Theissuewas
whethertherelationshipsbetweentheindividual macromoleculeswere changedas theresult
of introducingphosphotungstateor otheragents.
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GREEN: Are you proposing that we could, in fact, modify the relationship of the protein to this

lipid without modifying the enzymatic activity?

DANIELLI: I am sure we could.

GREEN: I am saying that if the evidence is produced I shall bow before it.

DANIELLI: I will not worry about that now, but it can be done. I have not the slightest doubt
about it.

GREEN: The fact that you do not have the slightest doubt is really not the relevant issue. The is-

sue is, what experimental evidence is there that this would happen?

DANIELLI: I do not think this is quite the best way to discuss it. The point is that I am quite sure

we can find a system in which we can adsorb a protein on a lipid surface and have its specific

activity retained. In fact, in the case of lipose, we know_

GREEN: Ah, I see what you have in mind. You are thinking of this lipid as something that has

gone along for the ride, that the catalytic element is the protein.

DANIELLI: No, no:

GREEN: We think of particles such as the elementary particle as lipid-protein systems--systems

as precise chemically as protein systems. In fact, if lipid is removed from the system, there

is complete loss of function. Although the protein is unmodified by lipid extraction, the mere

removal of lipid leads to loss of activity. When lipid is reinserted into the system, activity

is fully restored. The intramolecular relation of protein to lipid is a very important and pre-

cise one.

FREMONT-SMITH: Important for the enzymatic function?

GREEN: Yes, all the enzymatic function is lost when lipid is removed. This is not a chance re-

YCAS: How do you remove the lipid, Dr. Green?

GREEN: By extraction with acetone and water, 90 percent acetone and 10 percent water (ref. 46).

At low temperatures we can remove the lipid completely and activity is lost. Then we can re-

insert the extracted lipid and activity is restored.

POLLARD: I think we are doing exactly the wrong thing. We had Dr. Green going very beauti-

fully, and he was going very nicely toward directions that would help us in theoretical biology.

Now we are asking about all our little anxieties. Let us leave our anxieties alone, because

this is a picture which we will not get again. If we interrupt Dr. Green, we are not going to

get the finish of the story but are going to wind up with our anxieties. I would like Dr. Green
to continue.

GREEN: Thank you. Not that I am unwilling to answer some of these questions but, as you say,

the continuity is often lost and there are some quite exciting_

DANIELLI: Let us just get this tied up.

SZENT-GYORGYI: Will you correlate the three pictures with a word?

GREEN: The correlation will take more than one word. We have to relate two particles--one that

we see in the electron micrographs (the elementary particle) and one that we isolate and in

which the electron transfer chain is localized. The elementary particle has a tripartite ar-

rangement; the isolated particle consists of four complexes. The key questions are: (1) What

is the identify of these two particles ? (2) If identical, can the three parts of the elementary
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particle be identified with the complexes? I have already discussed our principal lines of .

evidence for equating the two particles--identify of molecular weight and invariant association

in submitochondrial particles. If we can assume that the observed and isolated particles are

identical, then the four complexes of the chain will have to be distributed among the three

parts of the elementary particle. Provisionally we would assign complexes I and II to the

base piece, complex III to the stalk, and complex IV to the headpiece. The fits are reasonably

good except for the fit of complex III and the stalk. The dimensions of the stalk are not large

enough to accommodate complex III. However, there is an uncertainty about the third dimen-

sion of the stalk (only two dimensions can be measured in the electron micrographs), and this

could be sufficiently large to resolve the discrepancy.

The packing of lipid and protein in the elementary particle and in the matrix layer poses

one of the most fascinating problems of the mitochondrion. In fact, the mode of packing of

protein and lipid and the consequence of this molecular marriage in terms of function are as-

pects which go to the very heart of the structure-hmction interrelationships of the mitochon-

drion. The hydrophobic interpenetration of a protein by phospholipid poses some intriguing

three-dimensional problems, which should be of the greatest interest to theoretical biologists.

Let me give an example of the kind of lipid-protein packing that we have to deal with in

the mitochondrion. The matrix layer as well as the elementary particles contain 30 percent

by weight of lipid in the form of phospholipid (refs. 39 and 40). When lipid is extracted from

these systems by acetone under the conditions I specified previously, the electron micro-

graphs (ref. 46) of such lipid-extracted particles do not register this massive change in the

particle. The electron micrographs of the normal and extracted mitochondria appear indis-

tinguishable. The form and size of the normal and lipid-depleted mitochondria are indistin-

guishable. Whether lipid is present or not, the mitochondrion looks the same in electron

micrographs.
The take-home lesson to be learned from this demonstration is that the structural pattern

of the mitochondrion is set by the protein and, equally important, the lipid is attached to the

protein in such a way that removal of lipid does not disturb the relation of one protein mole-

cule to another. We could readily account for this phenomenon if we assume that lipid is

buried in the interiors of lipid-protein complexes whereas protein is localized in the outer

shell. In the electron micrographs we see only, or predominantly, the shell of the macro-

molecular structures; thus the presence or absence of lipid may not be recognizable by

inspection.

The mitochondrion is an extraordinary device for concentrating particular ions (refs. 44

and 45). Magnesium or calcium or manganese ions in concert with phosphate ions can be

moved from the external medium into the interior of the mitochondrion essentially quantita-

tively. Under suitable experimental conditions the whole interior of the mitochondrion is

laden with deposits of tricalcium or trimagnesium phosphate. I think it is an academic ques-

tion to ask whether this is an active process in view of the completeness and magnitude of the

transfer process.

How are these ions moved? I think we can specify with considerable confidence some

features of the mechanism. This is the first system involving ion transport that has lent it-

self to resolution in biochemical terms. Each pair of electrons that moves through the elec-

tron transfer chain generates three high-energy intermediates. Each such intermediate on
the way to ATP can support the movement of two atoms of the divalent ion and one molecule

of phosphate. This is the basic stoichiometry of the translocation. The translocated ions are

deposited in the interior of the mitochondrion (probably in the matrix layer) in the form of

Mg3(PO4)2, Ca3(PO4) 2 or Mn3(PO4) 2. For each molecule of phosphate deposited, one hydrogen

ion is released. Thus, acid formation parallels ion translocation. The energizing element

in the translocation is the high-energy intermediate, and this is expended in the process of

the translocation.
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PITTENDRIGH: Could you give us those experimental facts again? For every high energy bond
formed, two magnesiums and one phosphate--

GREEN: --move in and are precipitated inside as magnesium triphosphate or calcium triphos-
phate. There is no specificity with respect to bivalent ions.

KLEIN: Is it that they can move in or that they alw_lllllll_do? I am not quite clear on this. Is it un-
der special conditions that this happens ?

GREEN: Under ordinary conditions translocation is interdicted. As long as ATP can be synthe-

sized, ion translocation is excluded. But if synthesis of ATP is repressed by reagents such

as oligomycin, then ion translocation can proceed. Under suitable experimental conditions,

it will proceed as rapidly as synthesis of ATP.

POLLARD: What agent is used?

GREEN: The most effective reagent we have found for suppressing ATP synthesis and permitting

ion translocation is oligomycin--an antibiotic whose chemical composition is as yet unknown.

This reagent does not affect the synthesis of the high-energy intermediate nor the interaction

with the translocating system, but it prevents the interaction of the intermediate with ADP.

The studies we have carried out on the translocation process lead us to the following pic-
ture. In one of the two membranes or walls of the mitochondrion, there is a macromolecule

that is the instrumentality of ion translocation (refs. 47-49). This macromolecule is vectori-

ally arranged in the wall so that one end faces the medium containing the ions to be translo-

cated and the other faces the interior into which the ions will be translocated and deposited.

The molecular unit of translocase action combines with two atoms of the divalent ion and one

molecule of phosphate. This is the loading reaction. The loaded translocase is energized by

one molecule of the high-energy intermediate and undergoes a change such that the ions which

were loaded on the exterior end of the translocase become transferred to the interior end

where these are unloaded. Let us imagine that the interaction of the translocase with the

--o-- .... b_ ...... ,,_ _u_ _, a comorma_,ona[ change of such a nature that the position
of the loaded ions is shifted from an exterior to an interior position. I must repeat that we

are dealing with strict stoichiometry in these events. The number of ions translocated is

strictly proportional to the number of molecules of high-energy intermediate provided to the
system.

Now we come to some of the geographical details. Where is the translocase localized?

Our initial impression was that there was no choice but to localize the translocase on the

outer wall of the mitochondrion. Evidence is multiplying, however, that the translocase is

localized on the inner wall--the exterior edge facing the space between the two walls and the

interior edge facing the contractile matrix layer. * The translocase may well be the elemen-

tary particle-matrix couple. The interaction of the high-energy intermediate with the con-

tractile matrix system leads to a conformational change that is transmitted to the elementary

particle by virtue of the chemical links between the elementary particle and the contractile

system. The loading process proceeds in the elementary particle; the contractile process in

the matrix. The contraction of the matrix may induce an expulsion of an involuted segment
in the elementary particle. The expanded tripartite arrangement of the elementary particle

could represent the state after contraction of the matrix; the compressed spherical form of
the elementary particle could represent the state before contraction. The matrix network of

the mitochondrion contains the contractile proteins actin and myosin, or at least the analogs

of these proteins from muscle. We have grounds for believing that in all membrane systems

*P. Blair and J. Purdue, unpublished studies.
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the instrumentality for moving ions and molecules in an active process follows closely the -
mitochondrial model.

GRENELL: Do you mean, Dr. Green, in all membranes examined under conditions of their nor-

mal functional state, or under your special chemical conditions which may not bear any rela-

tion to the real thing at all ?

GREEN: From your question I take it you are dubious whether the events that apply under the con-

ditions which we have found (ref. 38} to permit ion translocation in mitochondria are relevant

to the counterpart events under physiological conditions. Furthermore, you are concerned

whether it is permissible to extrapolate from mitochondria to other membrane systems. The

only unphysiological component we use in our studies of translocation is oligomycin which, I

might add, can be replaced by the parathyroid hormone in several mitochondrial systems.

As to the generality of this mechanism of active transport in membrane systems, I would like

to submit the following relevant set of facts. Wherever defined membrane systems have been

studied in some depth, they have been found to share the following properties: a double-walled

membrane arrangement with a space between the walls; a particulate character of the walls

in the sense that the walls are made up of fused particles; the presence of a matrix system

(structural protein plus contractile proteins}; the capacity for ion translocation which runs

parallel with an ion-sensitive ATPase activity; and the presence of lipid in the form of phos-

pholipid accounting for at least 30 percent of the total dry weight. This seems to be a gen-

eralized structural and functional pattern for all membrane systems. I interpret this uni-

formity of pattern to mean the identity of the basic mechanisms, and this thinking underlies

my readiness to extrapolate from the mitochondrial membrane to membranes generally.

GRENELL- Under these conditions, for example, are the same time relationships obtained for

these fluxes as would be in other systems ?

GREEN: The speed of these reactions?

POLLARD: He said he did. He said the same rate as the rate of synthesis of ATP, normally.

GREEN: In mitochondria, yes, but in other membrane systems, I could not say.

POLLARD: Do you have any idea how many of these contractile proteins would have to be on the

surface to obtain the full flux rate ? I mean quantitative relationship.

GREEN: We know the flux rate of ions per mitochondrion, but we do not know the number of trans-

locases. We are up against the problem of defining the translocase unit.

POLLARD: No, no, only the number of ions. There is the stoichiometry of one phosphorus and

two magnesiums. Now all we have to do is to count up the number of those packets that go in,

and then we can start to argue about the number of translocases. We could assume that it is

the normal rate that a muscle contracts, that the muscle fibril contracts, and we can use that

as a basis for giving us the number per second. In this way, we could get some idea.

GREEN: I think a calculation can be made if we make the assumption that each elementary parti-

cle is a translocase. Thus, in a heart mitochondrion there would be about 50 000 translocat-

ing units, and each such unit would go through about 9 cycles per second, with each cycle in-

volving the movement of two divalent cations and one molecule of phosphate. Thus, in one
mitochondrion 9x50 000×2 or 900 000 atoms of divalent ion would be translocated per second

at 38 degrees. As a rough approximation we might consider the unit of contractility as of the

same mass as the elementary particle. Each contractile unit would thus undergo 9 cycles per
second.

As I mentioned before, we are thinking in terms of the combination of the elementary

particle and the contractile matrix as the translocating unit. The elementary particle
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Figure 17. --Relation of the matrix layer to the elementary parti-

cles. A set of three elementary particles is shown with the

matrix layer that envelopes these particles.

generates the high-energy intermediate which contains divalent ions (two per molecule of in-

termediate) and phosphate in high-energy link to the protein. The high-energy intermediate

is a protein that is accessible to the contractile matrix enveloping the elementary particle on

the interior end (fig. 17). The contraction of the matrix layer catapults the high-energy in-

termediate from the elementary particle into the matrix layer with disengagement of the ions

(divalent metal ion and phosphate).

At this point I think a few words are m order about the maLrix layer. As I mentioned be-

fore, this contains three proteins that form polymers--structural protein, actin and myosin.

Ohnishi and Ohnishi (refs. 50-52) of Osaka University were the first to recognize the presence

of an actomyosin contractile system in mitochondria and other membrane systems. This

pioneer discovery has been verified in other laboratories and most extensively by Lester

Packer and his group (refs. 53-55) at the University of California in Berkeley. The contrac-

tile system of mitochondria closely resembles that of muscle, but it is too early to say how

similar or different the respective systems are.

What reasons do we have for invoking the contractile matrix layer in ion translocation?

A vectorial ion movement having a stoichiometric character can only be conceived of in terms

of a vectorial conformafional change in a protein. The presence of a contractile system im-

mediately surrounding the elementary particle can hardly be considered a happenstance. If

there is validity to our interpretation, we should expect that the high-energy intermediate (but

not ATP) can induce a contraction of the mitochondrial matrix system and that divalent ions

should play some role in inducing this contraction. There is increasing evidence that divalent

ions, particularly calcium, are essential for the ATP-catalyzed contraction of muscle

actomyosin.

At any rate, a highly intriguing picture is emerging of ion translocation as a collabora-

tive effort between a particle concerned with the generation of high-energy intermediates by

coupled electron flow and a contractile system enveloping this particle capable of being ener-

gized by these high-energy intermediate_ Tb_e elemen_y particle would bu, so to speak,

the gun fired by the contractile system--the shell being the high-energy intermediate. But

this shell would also be the instrument for detonating the contractile system.
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From considerations of the kind I have been discussing this morning--the system of layers

in the mitochondrion, the relation of particles to these layers or walls, the interrelationship

of lipid and protein, and the mechanism of ion translocation--we have the impression that we

are beginning to see a unified pattern for all membrane systems. Obviously we are dealing

with systems of a high degree of order as well as of complexity. The classical picture of

membranes as structureless sets of layers is certainly invalid. Each layer of the mitochon-

drion shows a great deal of ultrastructure. Between the two layers of particles, there is a

space with dissolved coenzymes. Beyond the inner wall or layer, there is the matrix layer

that underlies the structural stability of the mitochondrion. This complex arrangement of

parts within parts would not lend itself to spontaneous assembly. I am more and more in-

clined toward the view that the synthesis of membranes requires a precise ordering system,

the nature of which I am not prepared to go into at the moment. It is sufficient to say that the

starting materials for this postulated membrane system would be proteins and phospholipid

micelles. I have been deliberately dogmatic about the possibility of spontaneous assembly of

the mitochondria to compel attention to the new features of membrane structure that, in my

opinion, lie beyond the capabilities of spontaneous assembly.

KLEIN: May I ask a question about those ultraparticles? Was it Parsons who reported some cy-

lindrical-looking objects tangential to the surface of the mitochondrion?

GREEN: That is right.

KLEIN: How does that correlate with what you have seen?

GREEN: He probably knows more about those outer particles than we do. We have not studied

them in detail but, undoubtedly, those are different from the elementary particles in the inner

layer.

KLEIN: You also mentioned some biosynthetic activity. Could you give us one sentence on that?

GREEN: Yes, lipids. Some of the steps in the biochemistry of phospholipids take place in these

particles on the outside.

PITTENDRIGH: Did you say something about the Kreb's cycle in the outside particles ?

GREEN: They all appear to be associated with the particles on the outer layer.

PITTENDRIGH: What is known about the functional situation--

DANIELLI: May I interrupt? When you talk about the outside, do you refer to this surface?

GREEN: That is right, plus its membrane. I am afraid I have not defined terms and that is al-

ways a bad business. The outermost structure of the mitochondrion I shall define as a wall

made up of fused particles no thicker than these particles. Thus, the designation "wall" is

used synonymously with "layer" or "membrane." There may be components in this wall

other than the component particles, but until these show up I shall equate the outer wall with

a layer of fused particles. The inner wall is similarly defined as a layer made up of fused

elementary particles or, at least, the base pieces thereof. It is the inner wall that by invagi-

nation gives rise to the cristae. To the interior side of the cristae or inner wall is the matrix

layer. Between the outer and inner wall of particles is a space which presumably is filled

with fluid. As long as the locale of the matrix layer was in doubt, this precision of definition
was difficult. But now that the localization of the matrix outside the cristae seems quite cer-

tain, it is possible to define the different parts with a minimum of ambiguity.

DANIELLI: Are the Kreb's cycle enzymes associated with that particle or with some--

GREEN: No, no' They are associated with the particles that are attached to the outer wall or layer
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P/TTENDRIGH: And that outer elementary particle of the outer mitoehondrial membrane, to your
knowledge, does not have the dumbbell structure you described for the particles of the interior?

GREEN: We have not studied in detail the particles associated with the outer layer. But there is

general agreement in the field that the tripartite character of the dumbbell shape of the parti-

cles on the inner wall does not apply to the particles of the outer wall.

Part of the difficulty we have experienced is related to the idiosyncrasies of the technique
used in staining with phosphotungstate. The specimen is squeezed on a grid and all the mem-
branes are flattened. Under those conditions the distinction between outer and inner walls or

membranes is blurred, and it is not easy to decide which layer is the outer wall and which the
inner wall.

PITTENDRIGH: I can imagine that, but then I should think the same difficulty would apply to rec-
ognizing the inside membrane of the structure.

GREEN: The cristae are unmistakable; they are so clear because of their tubular arrangement.

We see the edge only, of course, and not the interior.

PITTENDRIGH: Do you have any views on the functional significance of the fluid matrix between
cristae ?

GREEN: The space between cristae is filled with a matrix material which may be visualized as an

aqueous suspension of polymeric material. What the solution in which the polymeric species
are suspended consists of we have no idea at present. It could be an ultrafiltrate of the solu-

tion present between the outer and inner walls.

MOROWITZ: You said that you are very dubious about the possibility of this thing coming together

in any kind of spontaneous way because of the great complexity. However, on the other hand,

did you not indicate a partial experimental confirmation of this in the fact that if, under the

right conditions, the lipid is taken out of the particles and things are just mixed back together
the lipids go back and give a functional particle ?

GREEN: That is right. Do you think I should be consistent and extrapolate further ?

MOROWITZ: I do not know that you should extrapolate further, but I do think your own experi-

mental evidence is perhaps indicating the way they do assemble without a great deal of--

GREEN: Yes. That is so fundamental a point that I would like your indulgence in explaining why I

think this does not approximate the problem as I see it.

We can routinely reassemble the electron transfer chain by recombination of the four com-

plexes (ref. 43) just as the virus can be reestablished by interaction of the coat protein poly-

mer with the nucleic acid from which it has been separated. In this type of reconstruction,

we are merely reestablishing bonds between two complex partners. This is a relatively sim-

ple fitting together of parts. We have broken bends, leading to separation, and reestablished
the original bonds, leading to reconstruction.

But this is a far cry from the complexity one would have to face in reconstructing, let us

say, a complex from its component proteins and phospholipid. Consider, for example, com-

plex HI which is made up of two molecules of cytochrome b, one of cytochrome c, and one of

nonheme iron protein, with these four proteins linked one to the other and to phospholipid.

These four molecules are linked to one another and to phospholipid in a very precise way

within the complex. But consider how the free monomer of the three different protein species

would behave. Each one of these monomers alone would at once form an utterly insoluble

polymeric network; together these would form mixed insoluble polymers. How would we

imagine a spontaneous interaction of three hydrophobic materials that form polymers at the

drop of a hat with one another or with any other molecule that is hydrophobic ? There are
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endlesspossibilities for hydrophobieinteractions. If only onepossibility is realized in nature,

that would argue for directive influences operative in the assembly process. I find the fact of

endless possibilities incompatible with the notion of spontaneous assembly. If some way can

be dreamed up in which it would be possible to reduce this statistical interplay of molecules,

I will accept it; but we have not found any escape from the dilemma other than to invoke an

ordering mechanism.

McMULLEN: I think it is conceivable to think of ways, based partly on interfacial energy consid-
erations and--

GREEN: Considerations of interfacial energy leave me cold.

McMULLEN: They do not leave me cold.

SLONIMSKI: I think Dr. Green has given a most beautiful description of the beef heart. What

strikes me is the fact that what he calls the elementary particle with very striking and precise

stoichiometry is something that, to me, is extremely variable in the sense that we can get all

sorts-well, I can give 400 different types because I have 400 different types in my collection

but, presumably, there are more of them. Nevertheless, it presumably has some kind of

regular pattern in spite of the variability. So I do not know whether the term "unit" or "parti-

cle" is something that is proper; although its particle can be changed almost indefinitely,

nevertheless it preserves its major characteristics.

GREEN: Let me specify the kind of evidence that will have to be produced before we can accept

Dr. Slonimski's presumption of variability. Each complete electron transfer chain or ele-

mentary particle is made up of a set of four complexes. Each complex in turn is made up of

a set of proteins--very precise in respect to the number of molecular species and to the total

number of molecules of each species. At least that is the situation in a variety of electron

transfer systems that have been studied in depth.

The overall stoichiometry of components in the chain is an expression of the fact that each

of the four complexes has precise stoichiometry. Thus, in the chain of beef heart mitochon-

dria (ref. 56) there would be for each molecule of succinic flavoprotein, six molecules of cyto-

chrome a, 3 of cytochrome b, 1 of cytochrome c, et cetera. My point is simply this. It

would be impossible to increase the number of molecules per chain of, for example, cyto-

chrome a without completely altering the chain. Suppose that the mutant had 12 molecules of

cytochrome a instead of 6. That would mean a new form of complex IV would have to be

evolved; a new form of complex IV would mean an elementary particle of a different size; an

elementary particle of a different size would completely alter the structural pattern of the

mitochondrion. Changes in stoichiometry have to be compensated for by adjustments all along

the line, each of which would require major structural modification.

The major features of the electron transfer chain are seen in all forms of life with re-

markable fidelity and constancy. If in two billion years the electron transfer chain has re-
sisted the erosion of the evolutionary process, it is difficult to believe that one mutation in a

yeast cell could accomplish what two billion years of evolutionary development failed to ac-

complish. The issue now boils down to this. Are the changes in stoichiometry those estab-

lished by analysis of the isolated particles or of the whole cell? Are these changes of a kind

that would not necessitate a new architectural plan for the elementary particle? If it can be

stated with confidence that the changes in stoichiometry apply to the isolated particles con-
taining the electron transfer chain, I will have to bow before such evidence.

SLONIMSKI: We have it, because particles of around two million have been obtained from the dif-

ferent strains which are either regulated on the phenotypic level, that is by induction, or regu-

lated by genetic mechanisms; and within the particles the ratios are different.



DENOVOCELLSYNTHE_S 101

.GREEN:Canyoupleasespecifytheparticular ratio of componentsyouare measuringin these
particles?

SLONIMSKI:Cytoehromea, b, c1oxidativeactivity.

GREEN:A pointof clarification is in order with respectto theratios. In theelectrontransfer
chainthereare fixedcomponentsthatare linkedoneto theotherwithin thefour complexes
andmobilecomponentsthat are extractableandoscillatebetweencomplexes. All of thecyto-
chromesexceptcytochromec belongto thecategoryof fixedcomponentswhereascytochrome
e belongsto thecategoryof mobilecomponents.Thestoichiometryof theelectrontransfer
chainthat I amreferring to appliesonly to thefixedcomponents.In discussingvariation in
molecularproportions,wemustconsideronlyvariationsof onefixedcomponentrelative to
another. I mustasktheindulgenceof thegroupfor bringingup thesespecializedconsidera-
tions becauseif theprincipleof precisestoichiometrydoesnot applyto theelectrontransfer
chainof a particular organism,thenmuchof whatI havesaidmustbeautomatically
disregarded.

SLONIMSKI:Notnecessarily. It dependsonwhetherthe stress is on thehomogeneitywithin the
particle or betweentheparticles. It maybe intraparticulateor interparticulate.

GREEN:It wouldbedifficult to encourageme, regardlessof howyouput it. Let us staywith
stoichiometry.

SLONIMSKI:I cannotgive thenumbersin absoluteterms. In terms of theorder of magnitude--
GREEN:No, the relative ratios.

SLONIMSKI:Let us saytheparticle, whichis awild type, hasa cytochromea:b:ci ratio of 1:2:1.
Wecangeta mutantwith a 0:0:1ratio. Wehaveanotherwith a 0:=:0ratio andcangetone
with a, let us say, 1:1:0ratio. The0 meansnotdetectable.

GREEN:If I haveunderstoodyourdatacorrectly, thechangesin ratio are predominant!y,If not
exclusively, expressionsof deletionsof pariicular cytoehromes. That stateof affairs would
be acceptableto me. In agivencomplexa particular cytochromewouldbemissing, but the
proteinportionthereofor a modifiedproteincouldstill be in thesameplacein thecomplex
normallyoccupiedby that cytochrome. Deletionsdonotdisturb me. It is onlythe increases
in thenumberof moleculesof onecomponentof a singleelectrontransfer chainrelative to
the normalnumberof moleculesfor thator othercomponentsthatwouldupsetmy equanimity.

SLONIMSKI:I mustsayI donot follow yourargumentverywell. To you, the importantratio
wouldbe theratio of a to b. Wouldthis betheprincipalone?

GREEN:Let meput it this way. If normally thereare 6moleculesof cytoehromea and3 mole-
culesof cytoehromeb per chain, I wouldbe in difficulty if in the mutanttherewerethree
moleculesof bothcytochromea andcytochromeb perchain. If cytochromea or b disap-
pearedin the mutant,I could invoketheprincipleof deletion;but I eannotinvokethatprinci-
ple whenthe numberof moleculesof cytochromeaper chaindropsfrom six to three. In the
latter casewewouldbedealingwith changesin thecompositionof thecomplexthat contains
cytochromea.

SLONIMSKI:Within thecomplex?

GREEN:Changesin theratio of fixedcomponentswhenthenumberscomparedarewholenumbers
mustmeanthat oneor moreof the individualcomplexeshavea different chemicalcompo_sition.

SLONIMSKI:T....h_,,o,v glvcn,4,__reverse;I havegivensomethingthat hasa very greatamountof a
andnob.
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GREEN: Theabsenceof cytochromeain a chainmeansdeletionof a componentor substitutionby.
a hemelessproteinequivalent. This typeof variation is notwhatI wouldinterpret to bea
changein the stoichiometryof thechain. I havesatisfiedmyselfthat it is thekindof varia-
tion thatis permissibleandcompatiblewith theprinciple of stoiehiometry.

SAGER:Whatare yourcriteria of whatis permissibleandwhatis not permissible?

GREEN: Theprinciplesof stoichiometry.

SAGER:I amsorry. It is really notclear. In terms of yourpictureof themitochondrion,would
yousayit is permissibleto haveonecomplexmissingandthenhavea systemwithoutheads?

GREEN:No,no, that is notwhatI mean' I canimaginethatin thesemutantsthehemegroups
wouldnotbesynthesized.Youwouldhavetheappropriateprotein, butnohemegroup.

SLONIMSKI:No, thehemesynthesisis in normalamount.

GREEN:Whenyousayzeroconcentrationof a particular cytochrome,whatdoesthat mean?

SLONIMSKI:It meansnospectrumof a andnoactivity of cytochromeoxidase.

POLLARD:Butyoudonotknowthere is noprotein.

SLONIMSKI:I knowbecauseI haveanantiserum. Thereis nocross-reactingmaterial.

POLLARD:Is therephysicallynopieceof material therewhereit wouldnormallybeseen?
SLONIMSKI:HowcanI detectit?

POLLARD:Thatis whatwewantyouto realize.

SLONIMSKI:Thereis noa componentwhenlookedfor either byphysicalproperties, enzymatic
properties, immunologicalproperties, or byaminoacid sequence.I cannotdetectit by the
criteria I amusing.

POLLARD:Thatis a weaknessin the statement.

DANIELLI: Sinceweare stuckonthe exactrelationshipbetweenDr. Slonimski'sdataandDr.
Green'sdata, I wouldlike to suggestthat theysit togetherat lunchandfind outwhetherthe
datatheyeachhaveis compatiblewith a set of hypothesesandtell us after lunch.

We have time for one or two more points before we break for coffee.

McMULLEN: I must get something clear before we go very much further. Here I would like to

tie Dr. Green down to something. When he says interfacial energies leave him cold_

GREEN: That is because I know nothing about them.

McMULLEN: You are not implying that you do not believe physical laws operate in biological

systems?

GREEN: No, no.

McMULLEN: That is all right then.

FREMONT-SMITH: The anxiety is relieved.

GREEN: Thermodynamics is safe.

FOX: I would like to comment also on Dr. Green's statement about the self-organizing property.

I do not find it particularly difficult to believe in this property, and partly I find this ease on

the basis of a preprint that was circulated. It is possible to demonstrate for synthetic poly-

mers the tendency for forming spontaneously units in which there is a crude kind of double
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layer. On the basis of this, it does not seem to me to be so difficult to understand quite a few
self-organizing properties in a system such as he describes. In fact, I wonder what he has

that is more compelling than the concept of self-organizing macromolecules.

GREEN: Let me put it this way. I think it is a matter of opinion at the present moment. We can-

not argue about that. The question really is, What degree of complexity can be arrived at by
purely random processes ?

FOX: That is also an assumption that they are random processes.

GREEN: We must presume that they are random.

FOX: Why?

GREEN: Well, then, if they are not random, what determines_

FOX: They are limited by their internal structure and function. This is the alternative
presumption.

GREEN: To come back to the example I gave you where a large number of possibilities could be
realized, what is--

FOX: That is presuming randomness, but evolution does not work that way. It is very limited
in the extent of the potential diversity at any one step.

SLONIMSKI: This, I think, is a very important argument. This is exactly why Dr. Green has pre-

cise stoichiometric relations. They have been selected by evolution in the human heart or
liver, and so on, while I am working to support artificial mntants which have not been selected

by evolution. I am producing them under very special conditions, and their survival value is

practically nil. They are immediately wiped out by any kind of competition with the wild-type
yeast that has this precise stoichiometry which Dr. Green proposes.

So, what I am saying is that stoichiometry is not something that is chemically involved in
the structure.

GREEN: Where Dr. Slonimski and I do not agree is on the question of how much change is permis-

sible in a system so basic as the electron transfer chain. The mitochondrial system is tmilt

up of interlocking parts. If we radically change one part in respect to size by virtue of chang-

ing the number of protein molecules in that part, then every other part has to be changed if

the system is to fit together. I believe that this is the primary reason why the basic struc-

tural pattern of the mitochondrial electron transfer chain is fundamentally the same in all
forms of life.

Dr. Slonimski has studied a wide variety of yeast mutants with respect to their electron

transfer components. In his laboratory Dr. Henry Mahler* compared the submitochondrial

particles containing the electron transfer chain, in the wild type and in a mutant which appar-
ently lacked most of the cytochromes. Dr. Mahler informed me that the particles from the

two sources were virtually indistinguishable in size although the usual complement of cyto-

chromes was missing in the particles derived from the mutant strain. The fact that the parti-

cle size did not decrease as the number of cytochromes in the chain was reduced surely points

up that the chain is basically unaltered and that hemeless proteins substitute for the cyto-

chromes in the various complexes of the chain where these cytochromes are normally present.
The electron transfer chain of the mutant is admittedly defective, but the molecular architec-

ture of the chain could still be normal in respect to the arrangement of complexes within the

*H. R. Mahler and B. Mackler, unpublished studies.
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elementary particle and in respect to the arrangement of proteins within each of the four com_

portent complexes.

YCAS: I do not understand this last statement. If a, b, and c, are in particles and within each

particle there is stoichiometry, in the collection of the particles stoichiometry must exist.

Therefore, it is not necessary to isolate the particle for the purpose of discussing stoichi-

ometry.

GREEN: But how do we know a particular cytochrome is in the particle or in X place?

YCAS: You defined it as being in that place.

GREEN: We can never know whether a particular cytoehrome is present in a particle or outside

the particle until we isolate the particle from the rest of the cell.

YCAS: When a whole cell or a mitochondrion preparation is isolated, do you or do you not find the

same stoiehiometry ?

GREEN" We never do examine the whole cell. We always start with the mitochondrion. That is

the beginning of our_

YCAS: This should give the answer at once as to whether there was seE-ordering.

GREEN: It would be very difficult to do in the whole cell. This uncertainty of localization applies

only to the whole cell, not to the isolated particle.

YCAS" A small particle does not have to be isolated. You would be satisfied if Dr. Slonimski did
it on the isolated mitochondrion.

GREEN: Of course.

SLONIMSKI." This has been done.

DANIELLI" I think for the sake of the record it would be very useful if Dr. Green would write a

statement explaining how he thinks this should be approached from the type of data he can han-

dle and if Dr. Slonimski would do the same with his set of data. It is impossible to resolve

the differences between you in the short time we have; therefore, I suggest we discontinue dis-

cussion on that at the moment.

HOFFMAN: In reference to Dr. Pittendrigh's comment about the internal milieu of the particle,

it seems to me from what Dr. Green said about where each part is on his tripartite structure

that we have to get the oxygen inside somehow to react with the particle IV. Therefore, I

wonder what permease, or such, we have to get this oxygen inside--in whatever form we are

going to get it inside.

GREEN: I think this would be largely a matter of diffusion.

HOFFMAN" Just molecular oxygen?

GREEN: Yes. The overall rate of oxidation of mitochondria is relatively low, compared to a

yeast, for example; therefore, the concentration of oxygen may not be the limiting factor. Of

course, I have not added an interesting complication. There is myoglobin associated very

intimately with the mitochondrial membrane. Myoglobin forms a complex with the structural

protein (ref. 4D, and a considerable amount of myoglobin is localized in the membrane of the

mitochondrion. Thus, there is one device by which we can increase the local concentration of

oxygen. But I still think we have the problem of diffusion through the membrane.

SZENT-GYORGYI: I was very much interested in the statement that the conformational change in

the actomyosin-like substance is connected with ion transport. The problem is that neither
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" actinnor myosinhasanaffinity to bivalentions, but I dowantto saythat lately wefounda
proteinthat makespart of thecontractilesystem,whichhasanenormousaffinity for calcium
andmagnesiumandis very easyto isolate. In onestepwegeta homogeneoussolution. This
will befounddescribedin the Proceedingsof theNationalAcademynextmonth.

GREEN:I amdelightedto hearthis informationfrom Dr. Szent-Gyorgyi.Our ownpictureof the
collaborationbetweentheactomyosinsystemof mitochondriaandtheelementaryparticle in
ion translocationdictatesthatdivalentions shouldplay adecisiverole in triggering contrac-
tion. This is excitingnewsindeed.

(Midmorningbreak)

PITTENDRIGH:I felt very badlast nightwhenI wenthome,becauseI thoughtmy commentsabout
theoreticalbiologydid not really reflect whatI think. I feel muchmoresympatheticto it than
I indicated. I felt the leastI coulddowasto makeaconstructiveeffort, whichI havehadonly
afewminutesto puttogether. I thoughtweoughtto beconcernedwith a modelfor a minimum
theoreticalbiologist rather thana modelfor a minimumcell. Thebeginningsof this follow
very muchDr. Morowitz' paper.

It is clear that weneedsomeDNA;weneeda ribosome--one,but I couldnotget to his 45
enzymes. I cansee23. Weneeda Kornbergenzyme,weneedaMorowitzenzyme,andwe
nell 20for thePRNA;that givesme23.

Trying to bequantitativeagain, the question is, How many cistrons are in a DNA? I can

see several constituents that we need. We need, principally, to identify the problemase, per-

ceptase, imaginase, and a eriticase. We need an easily inducible provisional simplification-

ase. I do not know whether the following should be inducible at all, having in mind a eonver-

sationalase, a nominalase, and a verbalase, which we have been showing conspicuously in the

last two days. I decided to eliminate altogether an overwhelmase. I assure you this is a pro-

visional start, and I think it would be a worthwhile undertaking to enlarge it, to find out exactly
--.1.,_.I. _-1,..... 4-_^_1 II-,.'^1_.. • ,_11 _I"_a"_11'I- r_'t1"1_:_l'r1_yns1_

QUIMBY: Dr. Pittendrigh, do you still think this is constructive ?

PITTENDRIGH: Oh, yes.

DANIELLh We managed to deal with about 1 percent of the problems, if that, under the heading

we had for the first session this morning. I think we must now move on to the second major

topic under organelles; that is to say, the specificity of organelles and their replication. I

would like to make one or two opening remarks before asking Dr. Yeas to say something
further.

We have heard quite a lot about spontaneous versus nonspontaneous assembly, and I

think we have to consider first the alternatives to spontaneous assembly and, secondly, the

possibility that the cell deliberately avoids systems which will assemble spontaneously in
order to have them under control.

One of the problems we are confronted with in the organelle situation is that there are

some organelles which seem to be cytoplasmically inherited in certain respects. For exam-

ple, we sometimes find we need one of an organelle before we can get two, and if we have

none in a cell there may be present all the nuclear genes necessary and yet no organelle is
formed. The question arises Why? There are a number of possible answers to that, of
course.

Then, there is the question of the alternatives to spontaneous assembly, and I imagine we

shall succeed in drawing up quite a list of these, i am _ving to put forward _.vo wFAeh I sus_.ct

are, in fact, quite well known. One is that, even in the case of the so-called cytoplasmic in-
heritance, the system with which we are dealing is really still based on nucleic acid and the
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Figure 18.--Linear polymers interacting to form a

two-dimensional network.

nucleic acid produces linear polymers."
If we assume now that these linear

polymers are capable of being ar-
ranged so as to interact, so as to form

a two-dimensional network (which will

involve specific interactions between

sites on the polymers so as to give
two-dimensional networks), then we

can readily see if each intersection in

the net is now a specific absorbing

center for a particular macromolecule

(fig. 18). Thus we could get the as-

sembly of two-dimensional structures

without anything other than the coding

of linear polymers in the first in-

stance. This does not require that the

things totally fall together, because I

think we can see that it would be pos-

sible for the messengers for synthesis

of these longitudinal polymers to be

assembled in a particular part of a

cell--we are not prepared to specify

that mechanism immediately--and

there is no reason why we have to spec-

ify spontaneity in a system like this.

Alternatively, we do not need to assemble all the molecules for such a structure in this

one place. All we need to assemble, it seems to me, is the basic linear polymers which will

give a two-dimensional network. Then we could rely upon spontaneous assembly for the sec-

ond layer molecules.

The second hypothesis is based on the idea that the individual membranes of the organelles

act as supertemplates. This means that each macromolecule in the original membrane is rep-

resented by an identical macromolecule in the derived membrane, and the lipid bilayer is

formed as part of the process of assembling macromolecules. This process can formally be

divided into a number of discrete stages, as indicated in figure 19. The feasibility of such a

scheme depends upon the selective interaction between maeromolecules across the thickness

of a bilayer. This may be based either upon the charge--dipole distributions giving rise to a

selective field or to the inducing of long-range order effects over a distance of about 100

angstroms.

GREEN: Suppose that there is the additional requirement of setting up two layers of particles

separated by a space in which are dissolved a set of soluble small coenzyme molecules.

These small molecules have to be introduced in the space under conditions where they cannot

leak out. Then in addition the layers of particles with the intervening space have to be wrapped

around a matrix core.

DANIELLI: Actually, there are three problems besides what I have lined up here. To these I have

no solution at the moment, but the first is the one you mentioned--how to fill up the space be-
tween the two membranes of mitochondria.

MOROWITZ: I want to make a comment relative to what you said initially concerning where a

great part of the impetus comes from for believing these structures are crystallizing out.

You do not like crystallizing--why these things are forming spontaneously ? I refer to the
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experiment of White and Anfinsen on ribonu-

clease (ref. 57). The secondary structure of

ribonuclease locks terribly complicated and dif-

ficult to assemble. Apparently ithas to be done

in a rather specific way. In their experiment,

they broke the four sulfur-sulfur linkages lead-

ing to a long-chain molecule which is func-

tionally inactive as a ribonuclease. The break-

age was by reduction of sulfur-sulfur bonds.

In their second experiment they gently bub-
bled oxygen through a solution of reduced ribo-

nuclease in order to oxidize the sulfur-sulfur

bonds; the right ones join up again, and the

structure and enzymatic activity is restored.

GREEN: You mean they have an enzyme for that

purpose?

MOROWITZ: This is done without an enzyme. The

reforming into the exact structure is done by

bubbling oxygen through the solution. This is a

case again which, before the experiment, might

have looked as though a hopelessly complicated

sort of secondary structure was being made,

but, in fact, it does come about in a very simple

way.

DANIELLI: Does anyone want to bubble some criti-

cism tl'_ough +_his?

GREEN: I do want to repeat that they have, in fact,

found that the process proceeds normally under

the influence of a specific enzyme which they

have isolated and purified. I am not sure

whether the spontaneous reoxidation does lead to

exactly the same product as the enzymatically

reoxidized component.
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Figure 19. --Hypothesis based on individ-

ual membranes of organelles acting as
supertemplates. Each macromolecule

in the original membrane is represented

by an identical macromolecule in the

derived membrane. The lipid bilayer is

formed as parL u[ the process of assem-

bling macromolecules. This process

can formally be divided into a number

of discrete stages, as indicated.

FOX: Does it not lead, however, to an enzymatically active product--the same sensitive criterion

you are invoking?

GREEN: That is just the criterion I was referring to. Does the spontaneous process lead to an

active enzyme ?

LEVINS: Looking at the problem a little more abstractly, the question of spontaneous formation

of structure seems to be the following. We have a region of space and within each small re-

gion are different concentrations of various substances so that there is a set of differential

equations describing the changes at each point.

Since this is taking place over all the points in space, we have a set of partial differential

equations. We are asking the question, Is the final steady state dependent on the initial condi-

tio,,_? We .bmow that, _3 wo change the composition of the cell, we can get different end states.

We are asking the question--Keeping the same average composition but just changing the struc-

ture, will the system give us a different steady state? How many different steady states are

possible, depending on initial conditions only, in structural change?
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This would be quite sensitive to the kind of differential equations you have, and I think that.

it would be amenable to analysis in the field of qualitative differential equations--simply the

question of what kinds of loops and control mechanisms and interactions will increase the like-

lihood of having multiple steady states as distinguished from a single steady state.

LEIGH: Is there a branch of qualitative analysis of partial differential equations analogous to that

of ordinary differential equations which would permit what you wish to do?

LEVINS: I do not know. The only thing I can think of is the Nemytskii-Stepanov group at the Uni-

versity of Moscow (ref. 58}.

LEIGH" Most of the Russian work (ref. 58} that I can remember is ordinary differential equations.

I cannot name the mathematical reasons why there would be difficulties in carrying it over to

the partial differential equations, but I do remember that many of the most interesting analy-

ses that come out of this would be in terms of things approaching limit cycles in a very pre-

cise sense. And talking about limit cycles in things involving more than two variables is very

hard work.

SLONIMSKI: I would like to suggest that it is possible for a theoretical biologist to try to put to-

gether models which are amenable for the more precise analysis of the phenomenon of intra-

genie and intrallelie eomplementation in vitro of enzymatic activity. The phenomenon is very

simple. We take an enzyme, we make a mutant that knocks out completely the enzyme activity,
we take another mutant that knocks out the same enzyme activity, then we make an extract of

both mutants which have no enzyme activity, and then we mix them and obtain enzyme activity.

All these things are probably due to interactions between chains, and it is not clear wheth-
er the interactions between chains are in terms of protein-amino acid sequence or whether the

interactions are between slightly different chains of two similar polymers. But, experimen-

tally, the system is very easy to analyze and theoretically, while I know of only one attempt
that has given a rather complicated three-dimensional structure, there may be completely dif-

ferent ways of trying to analyze and to produce a model. The model which has been proposed

was a helix. You may have seen news of it a few months ago.

GREEN: Such a program would in effect involve the emergence of new activities by new combina-

tions of chains each of which is defective.

SLONIMSKI- This is something I thought could be done. Experimentally, it is easy because a few

hundred fermentations can be made in a few weeks.

ENGELBERG: Dr. Morowitz, in the experiment of White and Anfinsen (ref. 57) that you cited, is

there evidence that all the sulfur-sulfur bonds were reformed correctly or was it just a

proportion?

MOROWITZ: I do not want to start quoting the paper in detail because I do not wish to trust my

memory. For instance, if they operate at too high a concentration of ribonuclease they get an

insoluble precipitate because all they do is cross-link chains. I think they reported as much

as 60 percent of the activity restored in some of the experiments. It was around that order of

magnitude, and I think it is also clear that, doing it this way, some wrong sulfur-sulfur bonds

would probably be formed. What is more significant, though, is that even doing it in what is a

quite violent way for the process, they end up with about the right thing.

ENGELBERG: This experiment implies that the structure of an enzyme depends on the sulfur-

sulfur bond, but that, if we want to get the same molecule, we still have to associate the right

sulfur bonds.
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MQROWITZ: No, no. What this experiment is saying is that a good deal of secondary structure is

implicit in primary structure and that this kind of principle which we see in the enzyme ribo-

nuclease is also seen in the tabacco mosaic virus and in any virus assembly. Virus assembly
of the large animal viruses may be a more direct example. These results indicate the possi-

bility of obtaining rather elaborate structures without having specific pieces of equipment in
the cell whose function it is to assemble these structures. These structures can assemble be-

cause this is the most probable chain of events on collision processes.

WATTS-TOBIN: I only wanted to say I think there are two problems. First, if we have many

mixed-up components, will they sort themselves out into a regular structure? Second, if we

are actually synthesizing things--for example, proteins--will they, while they are being syn-

thesized, fold up in the right way ?

These are really two quite different problems. In the case of protein synthesis, for ex-
ample, there is a very complicated mechanism indeed, the need for most of which is still not

at all clear; but it may be that it is connected with insuring that the nascent protein does fold

up in the right way as it is produced. The extrapolation from that to something very much
larger, such as these membranes, is going even further.

FOX: But the principle is there.

WOESE: To comment further on Dr. Watts-Tobin's point, certainly there is ample evidence on

the cellular level at least that a "sorting out" can occur. Embryologists can disrupt, for ex-

ample, a developing egg into a random mixture of the component cells. In time the cells of a

particular type (for example, ectoderm or endoderm) will find one another and clump together,
given proper environment.

WATTS-TOBIN: Does this really imply that the cell is in such a sort of pseudostable steady state
that, no matter how it is stirred up, if it is left long enough it will get back, under the same

external conditions, to its original structure? Are you really suggesting that?

DANIELLI: I think before we continue, it might be useful to come back to a point made by Dr.

Levins. He raised the point concerning whether, if we begin with a cell of a given composi-

tion, we have the possibility of ending up with two different populations of organelles. This

happens in a general way during differentiation. I think this is very relevant to consider, but

it is also very difficult to achieve experimentally, except in a differentiating system.

There is a further point of interest. In the case of the amoeba that we have been investi-

gating, we find some characteristics which are wholly controlled by the nucleus and which we

think are probably concerned with the internal structure of the macromolecules where the

character can be expressed by the activity of the individual macromolecules. We find no cases

whatever where cytoplasmic inheritance is the only factor concerned in determining a charac-

ter, and wherever cytoplasmic inheritance turns up we always get control by a nuclear factor
as well.

An interesting thing here is that wherever cytoplasmic inheritance turns up, it seems to

be with arrays of different types of macromolecules organized into high-level structures. We

never get cytoplasmic inheritance with a low level of organization of structures.

PITTENDRIGH: What do you mean by "low level," Dr. Danielli?

DANIELLI: Take the two simple examples. Hemoglobin can do its job without being organized

into a structure. Similarly, the antigenic property of the surface antigens of cells does not

.... _ ÷_'_'_" being neighbor molecules. When we look at these characteristics, we do

not get any evidence of cytoplasmic control.

On the other hand, ifwe go to something such as the shape an organism assumes when it

is moving, which is the property of a very large array of nlacromolecules organized in a
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specific way, then we find strong evidence of cytoplasmic control as well as of a nuclear "

control.

LEVINS: I think we are limited by the limits of cross compatibility to the study of similar orga-

nisms. There is reason to believe that the small adaptive differences between populations of

the same species are determined by nuclear genes primarily. When we get to groups that are

more taxonomically remote, the experiment cannot be done, and those are the places where

we would expect permanent structural cytoplasmic differences to be more important.

SAGER- There is a growing body of evidence, both from genetic experiments and from biochem-

ical experiments; for the existence of an extensive amount of genetic information which is not

carried on chromosomes. There is so much evidence, in such a variety of organisms, that I

cannot take your time now to review it. In Chlamydomonas, which is a single-celled green

alga with which we have been working, we have found a mutagen which is very effective for in-

ducing mutations in the nonehromosomal (NC) system. The mutagen is streptomycin; its mode

of action is very different from that of mutagens for chromosomal genes.

The fact that streptomycin is effective suggests that the material which is being mutated

may be nucleic acid, but the evidence is indirect, being based on the in vitro reactivity of

streptomycin with nucleic acids. Many of the phenotypes affected by mutations in the NC sys-

tem are phenotypes involving organelles; for example, chloroplasts and mitochondria are

great targets for mutations in the NC system. This does not prove that the NC genetic infor-

mation is located in these organelles, but it does show that NC genes are important in organ-

elle formation. There is as yet no decisive experiment relating the existence of primary

genetic information which is nonchromosomal to any particular structure.
However, there is biochemical evidence for the existence of DNA in chloroplasts of many

organisms. We have recently published evidence for the presence of DNA in the chloroplasts

of Chlamydomonas, and there is increasingly good evidence, both published and unpublished,

that there probably is DNA associated with the chloroplasts of all higher plants. However, no

experiments as yet provide any evidence about the function of this DNAo It simply says that

chloroplasts contain DNA.
There are also electron microscope studies that show the presence of fibers in mitoehon-

dria as seen in the electron microscope, which can be removed by prior treatment with deoxy-

ribonuclease. This work provides one line of evidence that there may be some DNA in

mitochondria °

If organelle DNA is functional, presumably it would act in a manner similar to that of

chromosomal DNA by determining the specificity and the rate of synthesis of particular pro-

teins. We may then ask whether additional classes of genetic material other than DNA may

also exist.

There is as yet no reason to assume that all genetic material is DNA or RNA. Are these
one-dimensional molecules sufficient for determining two-dimensional membranes and organ-

elles? This kind of genetic information may be found only in higher organisms. I would call

a higher organism anything with more than one chromosome, a nucleus, and a nuclear mem-
brane. I chose these criteria because cells of this sort, whether they are single-celled orga-

nisms or cells of multieellular organisms, have the same kind of subcellular organization of

the cytoplasm, the same kind of organelles° These similarities, I think, are the ones of most

importance to us in trying to understand the control of subcellular organization. Thus, for

these purposes, I like to call them all higher organisms.
As far as these organisms are concerned, there may be a subdivision of genetic informa-

tion that has never been appreciated before into chromosomal and extrachromosomal sectors.

Nonehromosomal heredity has been difficult to study. There were no methods of regularly ob-

taining mutants so there was very little material to work with. Also, because nonchromosomal
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genes show maternal inheritance, there were few opportunities to see segregation occurring

in these populations. These methodological limitations are now being surmounted, and it is

beginning to appear that NC genes represent an important part of the total genetic information
in all organisms.

The question remains open whether this second genetic system we have mutated with

streptomycin may also be a nucleic acid system and may be very similar in the things that it

does to chromosomal genes; that is, in coding for the primary structure of proteins and in

regulating the rate of protein synthesis. There may be yet a third system, which is a system

of the sort Dr. Danielli has considered for some time and which many of us have been inter-

ested in; that is, some kind of a macromolecular template in which two-dimensional struc-

tures of the same kind, and in which there is some kind of specificity, a specificity having to
do with the relation of macromolecules to each other.

I do not know of a single case in which it has been rigorously established that the loss of

an organelle is responsible for failure of the organelle to reappear in the population.

GREEN: I wonder if I could inject a comment at this point. The mitochondrion that we have been

working with can be prepared on such a scale that it is possible to answer very directly cer-

tain questions. For example, is there any nucleic acid in the mitochondrion? This is a prob-
lem that can be tackled by direct isolation. This we have carried out in collaboration with Dr.

Rammler. * We can say unambiguously that there is no significant amount of nucleic acid in

the mitochondrion of the beef heart, that there is, in fact, a polynucleotide containing about

10 base units. Obviously this polynucleotide could have nothing to do with replication of the
mitochondrion.

McMULLEN: Is this deoxy or ribose?

GREEN: It is ribose and its chain length is such that we suspect it plays some role as yet unde-
fined in one of the enzymatic processes.

if we accept the evmv,,_=....... at _=u=_...... .,_,_-_,1""_it.. ,--,_=,=_..... that., ,t least in one membrane system,
we can say the chances of this postulated self-replication within the mitochondrion are nil. If

we assume that the membrane systems are laid down in much the same way as the mitochon-

drion, it would, I think, throw considerable doubt on the idea that any other membrane system

would be self-replicating. From the similarities in the structure of membranes generally, we

would expect that the mechanism of replication would be much the same and would probably be
external.

BAUTZ: To set the record straight, I think for me the question is this: Is there any evidence for

a system of replication that does not involve nucleic acid? Could we approach it this way?

All of Dr. Sager's evidence points to the fact that nucleic acid is involved in the information,

and I do not think we should now discuss whether it is DNA or RNA because, in principle, they
both can function.

ENGELBERG: I am just wondering if there is a basic theoretical problem involved. All of the

mechanisms mentioned here appear to be in the realm of possibility so that the question is an

experimental one as to whether certain organelles reproduce this way or that. I do not think

we can settle this by having certain leanings as to whether the process is random or not.

More information is necessary to settle the question.

DANIELLI: I think that is a particularly valid point of view. I think the value to the community in

discussing this from a theoretical point of view is that we have not thought sufficiently about

* D. Rammler, unpublished studies.
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such systems, and the experiments are very difficult to set up--very difficult, indeed, to be •

absolutely critical.
Therefore, what we want to assemble is as many working hypotheses as possible concern-

ing how such replications of structure could be brought about. Then we are in a much better

position to operate economically as an experimentalist. If we have only one hypothesis, we,
so to speak, set up an experiment to try to find out whether that one is right or wrong; but if

we have half a dozen hypotheses, it is possible to set up one experiment that will bear on sev-

eral of these hypotheses simultaneously. Therefore, I think the question of different ways in
which one-dimensional or two-dimensional structures can be assembled is a legitimate theo-

retical study because this not only has an interest in itself but also is a guide to experimentation.

McMULLEN: I would just suggest that if P and Q on Dr. Danielli's diagram are Dr. Green's

Chancellor cases for low molecular weight substances and A and B are syntheases or poly-

merases, then is not Dr. Danielli's little problem more or less solved naively in that the low

molecular weight substances will go through and under osmotic or other translocation forces

and build up in the interior filling in the gap with the biological fluid that Dr. Green wants to
fit in there ?

GREEN: I would like to mention some experiments which offer a hope of resolving the question ex-

perimentally. During spermatogenesis the mitochondria is disassembled into its component

parts; in the sperm head these parts are now woven together like rope; and then after fertiliza-

tion the mitochondrion is reassembled. Andre (ref. 59) in France has done a beautiful piece

of work on this series of transformations. My contention is that it should be possible now to

disentangle the steps by which the mitochondrion can be resolved into its parts and then
reconstructed.

This" is a very unusual occurrence for the mitochondrion to be dismembered into its parts:

it happens only during spermatogenesis. The reassembly of the mitochondrion offers a mag-

nificent experimental opportunity to resolve this very question.

BAUTZ: I wonder whether we could take the question of whether there is one mode of replication

that brings results from an evolutionary standpoint. I would like to put the question this way:

"If there existed two modes of replication, would one outgrow the other?" I would say that,

for me, extrachromosomal inheritance and intrachromosomal inheritance are the same mode

of replication. This is no different system of replication.

LEVINS: The evolutionary consequences are quite different.

SLONIMSKI: If I understand correctly, Dr. Bautz asked whether there is a different mode of rep-

lication in the nucleic replication.

SAGER: If the entire problem of cell organization can be solved by synthesizing the right compo-

nents in the right place and at the right time, there is no need for anything beyond nucleic

acids as primary genetic information. Therefore, the question really is whether nucleic acid

type of information is sufficient to make a cell. I think that this is a key question for theoreti-

cal biologists, and it is a worthwhile question because the probability is high that it will be

answered in the negative.

PITTENDRIGH: Encouraged by Dr. Fremont-Smith's words of advice at the beginning, I am going

to ask a question which makes me blush slightly because I really ought to have followed the
literature on this, but I have not. Do we know at the moment when, in antibody formation,

the nucleic acids are involved, other than that a protein is made? Is a nucleic acid involved

in specifying the specific surface of the antibody which reacts with an antigen?

Otherwise, we go all the way back to Sterling Emerson's model of the 1940's for gene

replication before the Watson-C rick era began, and it seems to me that since the Watson-Crick
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modelsoobviouslyoffered the solution, Sterling Emerson's really splendid idea has been

buried. That is to say, if we can make a specific surface with a protein and it does not in-

volve nucleic acids to specify the individual surface, do we have a basis for another mecha-

nism of specific surface replication?

I therefore ask the question as a simple matter of fact whether or not at the present time

we have any evidence that RNA is needed for the specification of the surface of the antibody.

ATWOOD: There is an answer to this: it is not known whether RNA is needed to specify the bind-

ing site for antigen, but it is known that other parts of the antibody molecule are specified by
ordinary genes--the allotype portions.

PITTENDRIGH: How is the specificity of the binding site established?

ATWOOD: It is not known.

DANIELLI: Where do we go from here?

WATTS-TOBIN: Could I ask, Dr. Danielli, from complete ignorance just how much interaction

we would expect to get through relatively nonpolar membranes and what sort of energies we
might expect to get between two proteins, one on one side and one on the other.

DANIELLh I do not know. I have not done anything about this. It is only just this last month or

two that I have begun to think about these membranes again, and we have a number of prob-

lems--of which this is one, involving macromolecular interactions--and also the general prob-

lem of setting up an equation for such lipid layers. As far as I know, none of these problems

has actually been undertaken yet, even to defining the order of magnitude of the forces, and

so forth. You probably know more than I do about this, Dr. Pollard.

POLLARD: I cannot answer this, but even with 6 angstroms there should not be much force. We

have been decreasing it from 20 to 6 for the dielectric constants, and it is still not easy. A

structural arrangement would have to be involved in the main force. There is further resolu-

tion at short range.

WATTS-TOBIN: What sort of forces are you thinking of?

POLLARD: Any physical force.

WATTS-TOBIN: This does not apply to electrostatic forces.

POLLARD: There are really practically no free electrostatic forces in any materials we know of.

If there are no ions present and the membrane is charged, then there is a lot of excitment.

DANIELLh That is just the situation.

WATTS-TOBIN: Just what is the situation?

DANIELLh That the molecules you are interested in are charged.

WATTS-TOBIN: That is what I meant. The question is, surely, whether the ionic strength of the
environment is so high as to screen this all out.

DANIELLh It cannot do so because the ions are not sufficiently solid in the lipid layers. The

ionic strength is practically zero. In the aqueous phase, yes.

POLLARD: Yes, or if we just have bonds alone, we are in fine shape--lots of juice.

_,_v.,_,.,. I ....._,,.,,.,,,_'41,,.^.,,_.^_,ask at +_;_..._"_;"+_v....if we are f_d............with _cmf]i_ting noints, of view--relativelv.

direct genic control of morphology on the one hand and self-assembling properties of protein

molecules on the other. Is this a conflict, or is it not? It appears to me it is not, but if
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there is any reason to believe it is, I think there is a dualistic point of view that reconciles.

the problem. This is simply the point of view that nucleic acids specify amino acid sequence,

whereas morphology is determined by the conformation resulting from the sequence. The

genic control is thus indirect.

DANIELLI: Years ago this would have been regarded, I think, as a situation in which there was

conflict, but it seems to me that discussions in the last 5 to 10 years have gradually worked

up to a recognition of the fact that there are quite a number of very real alternatives here

which can only be resolved by experiment.

FOX.' That is the way it seems to me. Preferably, control experiments in systems in which

genes are absent should be included when that is possible.

DANIELLI: You may be right.

ENGELBERG" I was wondering if we could come back for a moment to the problem you raised

before about the way to fill the space between the two layers with small molecules. In view
of the fact that in three-dimensional space only one-dimensional and two-dimensional objects

have a surface, would we not have exactly the same problem whether it is random assembly

or whether it is directed assembly? In other words, we cannot have a directed assembly of

a three-dimensional object with one blow; we always have to pass through the stages of two-

dimensional assembly.

GREEN: It would have to be sequential. It could not be done in one fell swoop.

ENGELBERG: Yes, and it could then very well be sequential if it is spontaneous, if one compo-

nent is the negative of the other.

SAGER: In the assembly of a virus particle there is no two-dimensional stage because the protein

subunits simply fold around the nucleic acid.

POLLARD." Is that not really one strand? It is a long thing. Admittedly, it is coiled, but does

it not essentially go along the length and, therefore_

SAGER: But they are also spherical.

POLLARD: Are they spherical or are they actually made by going along and then finally convolut-

ing their way to conclusion at the sphere? They are not made this way; they are made in a
radial wave.

POLLARD. I think they are aggregated along the line and coil up.

ENGELBERG: Technically speaking, it is a one-dimensional structure embedded in a three-

dimensional space.

PITTENDRIGH: I wanted to ask a question that does not immediately bear on the present discus-

sion but I think it relates somewhat, How do the cytochromes look on the bacterial plasma

membrane? Do we see these strange buekings that are seen on the mitochondrial wall? I

take it that the cytochromes are, in fact, on the plasma membrane of the bacterial cell.

GREEN: I would imagine so from what has been described, but let me put it this way. We have

isolated from Azotobacter a particle containing the electron transfer chain. We have carried

out a complete chemical analysis of this particle. The gross chemical composition of the

Azotobacter particle is indistinguishable from that of the corresponding particles from beef

heart mitochondria. The stoichiometry of components is the same as is the lipid content.

Thus in all qualitative respects we find nothing to distinguish the bacterial system from the

pig heart or beef heart system. For that reason, we are inclined to suspect that the basic
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. geometry, stoichiometry, and chemical composition of the electron transfer chain in mito-

chondria from any source is going to turn out to be the same. There have been similar in-

vestigations in other types of mitochondria, and from all accounts where chemical work has

been done, the basic characteristics are the same.

You are asking whether we would see these elementary particles in Azotobacter. That

has yet to be done. The use of phosphotungstate as a fixing agent, I would think, would be

mandatory for such electron micrograph studies.

PITTENDRIGH: If I understood the exchange before the coffee break, in some cases you thought

that the stoichiometry of the situation demanded the structural arrangement.

GREEN: Yes.

PITTENDRIGFI: Therefore, you really have a very strong prediction here which somebody ought
to be testing.

DANIELLI: This is right. It should be of value to make that test.

GREEN: The mitochondria of Neurospora have these elementary particles. Stoeckenius (ref. 19),
I think, did the electron microscopy.

PITTENDRIGFI: These are mitochondria, but I am asking, when about the cytochrome system--

GREEN: He is referring to the cytochrome system in Neurospora.

PITTENDRIGH: But my point is, when we get the same macromolecules into a phytogenetically

different organization, if the stoichiometry is the real consideration, then we ought to get the
same structure in bacteria.

GREEN: That is a very good and sound prediction. The fact is, it has not been done in enough

cases. All membrane systems, when carefully examined by electron microscopy, do show

repeating particles, but not necessarily the particles containing the electron transfer chain.

The red blood corpuscle membrane shows evidence of repeating particles. In fact, S_eckenius

has examined an extensive series of membrane by the negative staining technique, and he has

evidence of particles in every one of them. This may be a regular feature of membrane sys-

tems-the association of macromolecular assemblies with the layers.

POLLARD: If I might, Dr. McMullen has pricked my conscience and he has been saying we

should discuss the question as to whether we can synthesize a cell de novo in such a way that

it looks like a cell as we see it today, or whether we have to go a long way back and de novo

synthesize a cell that looks like it used to be a billion years ago.

ATWOOD: Or neither one of those.

POLLARD: We have a quiet half hour, and we are well stimulated because we are hungry. It
would be a good idea if Dr. McMullen would talk about this a little bit.

GRENNELL: Could I ask one question about some of the things we have been talking about before
that?

DANIELLI: Perhaps we did not get the message across but, for various reasons, we felt we had

to telescope the meeting into 2 days and omit the session tomorrow. Therefore, the likeli-

hood of the evening session being, as was originally planned, on the method of constructing

a cell is remote, unless there is absolutely no discussion on the ecological side. We plan to

bean the p.e.n]_glea] di.qe.u,qsion immediately after the afternoon coffee break and it may well

take up the rest of the day.

Dr. McMullen, would you like to go ahead?
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McMULLEN:If I amnot anticipatingsomeof Dr. Fox's work, I will takea fewminutes.

DANIELLh Thatwill beall right; Dr. Foxis speakingimmediatelyafter lunch.

McMULLEN:I just wantto initiate somediscussionandI will not takevery long. I wouldlike to
gobackto thequestionof theprimeval soupto considerthevariouspossibilities for theevo-
lutionof specificity, moreor less onthelines Oparinhassuggested,becauseI thinkwe
should,somewherein this conference,discussthis kind of thing.

If wehavein primeval conditionsthis pondwater, this primeval soup,with energybeat-
ing downon it causingevaporationandconcentrationof simplesubstancesor combinationsof
substanceswhichhavearrived by prior concentrationin theatmosphereasthingscooleddown,
the elementary atoms coalesce (I do not want to go further back than the elementary atom!)and

at some stage the molecular weight of the condensed products will become so great that pre-

cipitation in the form of water and other substances will occur.

We have, therefore, low molecular weight materials in our aqueous solution which can be

of extremely high concentration as evaporation proceeds in isolated aqueous pockets. Under

these conditions, physically, we can obtain phase separations.

If we accept that, if we accept the possibility of tactoids or structures like coacervates,

et cetera, where one phase is separated from another purely by concentration, then it has been

demonstrated that with such an interphase we can attain orientation of molecules of almost any

kind, that the greater the asymmetry of the molecule the more chance there is of orientation.

Thus if we can visualize obtaining in such coacervates absorption at their interphases of mole-

cules having a certain complexity and therefore a certain specificity, then with these simple

systems one can demonstrate phenomena such as activated diffusion or activated transport

from one phase to the next.

We can further envisage the possibility of osmotic pressure forces existing and this co-

acervate increasing in size to such a point where these interracial and interior forces are in

disequilibrium; the coacervate replicates in the sense of a rather loose interpretation of the

term "replication" (I mean multiplies), and it will split into a system where these forces are

again in a dynamic equiLibrium. Continuation of this process will give multiplication of these

elementary type structures. In one of these structures, we have a number of substances in

which continuous changes, interactions, are taking place, and certain specific molecules are

absorbed around the interphase, these substances being essential for the stability of that
structure.

This picture gives the idea that the only kind of structure in this system, which can be

called an ordered structure, is this interphase. We can suggest, theoretically on the basis of

Dr. Danielli's picture, how we can build up an identical structure by absorption which is, in

fact, replication of the essential units of this structure, and only the essential units will be

replicated by virtue of the fact that they are essential for the stability and subdivision or mul-

tiplication of this entity.

Any other substance which was initially in the body when it multiplies ad infinitum over a

period of so many years, unless the substance is in effect replicated in succeeding daughter

cells, will die out of the system. The final result umpteen years later, with materials select-

ed in this body, by virtue of their necessity. We can then call these specific enzymes, if you

like, not because something like DNA has given them a particular subunit sequence but be-

cause of their initial structure in the primary body, being essential for the continuance of this
body.

The possibility of this happening is impossible to calculate, but_

ATWOOD: Zero.

MeMULLEN: No.
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/_TWOOD: That is my figure--zero.

McMULLEN: The possibility of a molecule, protein, or DNA forming spontaneously is near zero,
but this is not what I am talking about.

ATWOOD: You are going to tell us how it replicates itself?

McMULLEN: No, I am hoping you will suggest_

POLLARD: What is the meaning of the word "essential," because it is perfectly possible for it

just not to exist. Why does it have to exist? The word "essential" says it must exist.

McMULLEN: If we can envisage many types of coaeervate structure arriving initially, only one or

two of which will be sufficiently stable to exist for any length of time; this means that if they
exist long enough they have a chance of complicating their structure to increase that resis-

tance, to enable them to exist for a greater length of time. Those which cannot do this will

not exist, but those that are structurally arranged, through chance, to exist longer than others

will do so. And at some stage where they then subdivide as described earlier, they have pro-

duced more of themselves, which have a better chance of existing than those which were not

structurally organized to enable them to divide or to divide so successfully. In other words,

this is just selection by environmental conditions of nonliving bodies--chemicals, if you like,
or agglomerations of chemicals.

This is the kind of thing that various people have talked about. I am just attempting to

summarize it, and I really do not know enough about it to make a very good and accurate pic-
ture, but it struck me that at least this type of consideration of the evolution of cellular bodies

or structural replicating entities like these "molecular machines" is theoretical biology and
should be considered at least for half an hour in a meeting of this nature.

I wonder if anyone would care to comment.

DANIELLI: If I understand it correctly, you are going to give us an example of a system that is

FOX: No, that is correct.

POLLARD: I wonder if Dr. Roberts would want to comment on a completely different method that

he has talked about in which he actually tried to evolve the DNA-RNA protein systems from
research.

ROBERTS: For just a minute. It would seem that if we were content with a very inefficient en-

zyme, which we might get by specifying 6 amino acids out of a chain of 200, it might have an

efficiency of one compared to present-day thousands. But it still might be a very fine thing

in the early days. When we calculate the probability of making the template for that particu-

lar enzyme by chance, it is reasonably high. If we synthesize a milligram of random nucleic

acid, it will contain a very large number of templates for that particular enzyme. If we are

content with other enzymes of that same order of efficiency, a milligram will contain tem-

plates for all of those enzymes, too. In fact, if we go down to a 10-micron sphere, we find

that we have roughly 10 templates for any particular enzyme that we would like to specify.

If those do include a primitive Kornberg enzyme and a primitive polymerase and other

essential enzymes, we have a chance of getting started. The particles which were lucky and

had their full complement would grow faster than ones which are statistically unlikely in that
they have 1 instead of 10. Let us start with RNA and advance to DNA later.

T_AI%TTI_T.TT- T fl_int_fh_ nncclhilihr nf _rnfhuci_ing n_nrlol_nf thp _otiv_ _pntpr_ _f _nzvrn_._ i._

rapidly becoming realistic and might even enable us to set up directed experiments of the

nature you are suggesting.
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ATWOOD:Thedifferencebetweenthis wayof lookingat it andOparin'sway (ref. 60)of lookingat
it is thatDr. Robertsbeginswith the mannerin whichonesequencespecifiesanotherandin
whichthespecifyingsequencewill, itself, beduplicated. Thenecessityfor point-to-point
duplicationat themolecularlevel apparentlydidnotoccur to Op_,rin(ref. 60). I meantto
recognizethis pointin sayingthat anenzymedoesnotderive anyprobabilityof beingperpetu-
atedfrom themerefact that its activity increasesthesizeof thecoacervatein whichit first
appeared.It certainlywouldnotrecur unlessthere is in this systema mechanismthat spec-
ifies its sequenceandduplicatesthespecifyingagent.

McMULLEN: Yes;I am suggestingthat themembraneinterphasestructure there_

ATWOOD:To put it shortly, Oparin(ref. 60)did notunderstandgeneticsand, therefore, his
speculationscannotbe takenseriously.

McMULLEN: I donot thinkyoucansaythat.

LEVIN: Perhapshewasdealingwith apregeneticswirl'

ATWOOD:Intermediarymetabolismhasa pregenetichistory, but life, by definition, doesnot
have.

TOTTER: I havewantedto call attentionin connectionwith Dr. Roberts'wordsthat it apparently
takesabout18milligrams of DNAto specifyall the individualsin thehumanrace, which is a
goodfigureto thinkof in connectionwith the tonsof material that are availablefrom thekind
of thingsDr. McMullenwastalkingabout.

CROW:Is it worth trying to distinguishwhatwemeanby geneticin this context?

SLONIMSKhThatis whatI wantedto say.

CROW:WhatI think is thatby"genetic" youmeansomeelementthat hasthepropertyof copying
itself and, if it makesa mistake, of copyingthe mistake.

SLONIMSKhThis is a very broadnotionof genetics. WhatI wasalwaystold whenI startedgenet-
ics wasthatgeneticsbeginswhenthere is a mutant. If wedonothavea mutant,wedonot
havegenetics.

CROW:Thatis whatI amsaying, too.
DANIELLh Thatis not true.

CROW:Yourdefinitionof the mutantis that it copiesitself in the mutantform, not in theoriginal
form.

DANIELLh Right.
SLONIMSKhBut wecaninventa systemthatwill helpthe geneticcombinationof information,

withoutmutationandwithoutrecombination,whichwill still begenetic,but it will notbe
amenableto geneticanalysis.

ATWOOD:Whatwouldyoumakeit outof?

SLONIMSKI:Supposewehavea DNA,or RNA, or anykind of nucleicacid that perpetuatesitself.
It hastheKornbergenzyme,but it nevermutates.

ATWOOD:You cannot think of anything we can make it out of that would not have to mutate

sometime ?

SLONIMSKI: No.
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ATWOOD:Unlesswe run at absolutezero.

SLONIMSKI;If weconsidera mutationsomethingwecancrosswith it--Supposewehada six-
elementunit before;thesix-elementunit alreadyhadthe capacityof duplicating,but the
three-elementunit did nothavethecapacityof duplicating. If it doesnothavethe capacityof
duplicating,wecannotcross it. Wecannotcrossathree-elementunit witha six-element
unit becausetheonlyonethat duplicatesis the six-elementone.

I amnotsurewhetherI amclear.

ATWOOD;I wasonly sayingthat if weare goingto makeorganismsoutof matter, thenwewill
havea geneticsof mutation,at least.

CROW:Historically, thegeneticsof mutationis moreprimary.

SLONIMSKI:Ofcourse, recombinationis somethingvery, very late.

LEVINS: All wereally wantin theseorganismsis thattherebesomecorrelationbetweenthe
stateof the systemat anytwotimes. It canbeavery low correlation--thatis, thepresence
of agivensubstanceonlyincreasesvery slightly theprobabilityof moreof it beingplugged--
andthat meansthat thesystemhasa very lowhereditability, that it wouldbea very slowevo-
lution, andyet it hasthe essentialpropertiesof whatwewant.

Thequestionof duplicationin the senseof templatescanbea relatively recentthing.

FORRO:Onepointhasnotbeenput into this andthatis thequestionof howtheyactuallydivideif
theydonothavesomethingthat actuallymolecularlydivides. This is thepointwhereI be-
comeentangledoncoacervates. Theequilibriumpicture for coacervates,asI understandit,
is to makephaseswhichwecansee. Thesedonottendto dividespontaneouslylike that--at
least the static coacervatesdonot. I donotknowwhois workingoncoacervatesthat might
haveaccumulatingpropertiesof thekindthat mightbeprogressiveand, therefore, might in a
sensehavean intermediatemetabolismthat givesthema driving force, butwithoutthat they

DANIELLI: Ontheotherhand,I cannotsaythat at this early stageof the proceedingswe really
needto subdividethe system. Perhapsthis providestwototally differentapproaches,one
wherewebeginwith a subdividedsystemandonewherewebeginwith a systemthatis not
subdivided.

FORRO:It must subdividesometime;to evolvesomethingmustbreakapart.

DANIELLI: But thingscangoa very longtime withoutthe needfor subdividing.

ENGELBERG:Howwouldselectionoperateonthe systemif it doesnot subdivide?

DANIELLI: Admittedly, I amimprovising. Considerasystemwhichcatalyzesthepolymerization
processandanothersystemwhichcatalyzesthe hydrolysis,or whateverit maybe, of the
polymerizedproduct. Thenwemighthavea very large numberof variantssynthesizedto be-
gin with. But if someof thesesubstanceswhicharesynthesizedhavethecapacityof being
producedby anotherprocessor more rapidlythantheothers, thenwetendto endupwith a
muchlarger populationof the secondcomponentthanof the less controlledones,obviously.

Therefore, I thinkweneedto considerthe alternativechemicalwaysin whichwecould
get thesort of particle beingpostulated,becauseit is rather improbablethat thesynthetic
processeswhichprevailedin this early stageare thesameastheoneswhichare usednow. I
donot seethat it is very likely that ATPwasavailableoriginally for doingall this job; it prob-
abiywassomeotherchemicalprocedure.
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McMULLEN: I am not sure about that because we really have been shown that ATP can be formed"

by irradiation of ADP and inorganic phosphorus, and it has also been shown that at least ade-

nine can be formed under primeval conditions. Therefore, it seems possible to have ATP.

DANIELLI: I do not disagree with that. What I am suggesting is that, under the conditions in

which this actually occurred, there may have been something much more efficient than ATP

for getting this synthetic process going. And I do not think there is any sense in just assuming

there is only one way of doing it, which we would be doing if we looked at an existing biologi-

cal system.

LEVINS: How far do you think we would get using high-energy arsenate bonds instead, at a higher

temperature ? And in that case, are we in the only possible world or simply one that is

slightly better than the alternatives that were available ?

SAGER: Dr. Roberts, what is the relationship between what you call templates (I suppose you
mean some form of polynucleotides) and the amino acid-forming protein in the combination?

ROBERTS: There is a relationship between the code symbols and the structure of the amino acids,

and it may be a relic from this time.

WATTS-TOBIN: What kind of relationship are you thinking of?

ROBERTS: For example, the ones containing a great deal of _ code for the neutral amino acids.

The code sorts out the amino acids according to their structure.

DANIELLI: I will ask Dr. Fox now to introduce us to primitive life.

WATTS-TOBIN: I wonder if I could ask Dr. Roberts a question which I brought up previously. It

does not seem to me that if we accept the evidence that the codons for similar amino acids are

similar, necessarily implies any chemical similarity between the amino acids themselves and

their codons. It obviously has a genetic advantage that mutation is not very easy, and this in

itself would tend to drive similar amino acids into having similar codons regardless of any
chemical connection.

ROBERTS: I do not think you can prove that at all. It is just suggested. I do not like genetics in

it because that would give a chance for the code to diversify during evolution, and it seems to

be universal. I would hate to think it is continually modified by evolution.

WATTS-TOBIN: I think if there is one codon for each amino acid, it could not be diversified; but

in its initial stage (I am just thinking aloud now), I think the code probably was diversified.

ROBERTS: Originally we probably did not have to bother about tryptophan and histidine.

FOX. Some of you may conclude that I am taking too literally Dr. McMullen's admonition about

not being inhibited. Ordinarily, as I found last week for instance, it takes about 105 minutes

and much visual aid to develop the subject matter adequately, that I am to try to cover. Dr.

Danielli has kindly suggested that we meet the visual problem by circulating some documents

(refs. 61 and 62) which I have done. Then, in attempting to present a connected story on the

properties that are found in these models of prebiological evolution, I have distributed one

sheet entitled "Experiments with a Precellular Model. " I had to contain myself sternly this

morning because I think the model itself provides a broader way of looking at some of the

questions that have been raised and the possible answers to them.

The philosophy of the way to approach the question and the range of questions that may

gain some illumination from a preeellular model are expressed incompletely in the first para-

graph of this abstract. There is, I think, a considerable difference in philosophy with respect

to the overall purpose of this conference, that it is primarily analytic in nature whereas the
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Abstract

EXPERIMENTS WITH A PRECELLULAR MODEL

Introduction

The bewildering complexity of contemporary cells leads some to in-

voke the hypothesis of vitalism. An alternate premise is the assumption

that complexity evolved from simplicity via natural experiments. Results

of model natural experiments are described here.

The thermal polyamino acids, which simply form regular microparti-

cles, result simply themselves from monomers produced nonbiologically.

Heretofore, cell models have been produced from biological polymers,

such as Oparin's coacervate droplets from gelatin. The data on the ther-

mal polyamino acids challenge many concepts, including the assumption

that ordered polymers could not result from heating amino acids, an as-

sumption the speaker once shared. Interpretation of the microspheres

described is inseparable from an understanding of their macromolecular
matrix.

Properties of Proteinoid Microspheres

Stability (to standing, centrifugation, sectioning).

Microscopic size (1-3_ diam. typically, • 80_).

Variability in shape (sphere_, "uuu_, _am_;.

Uniformity of size (S. D. + 0.20_ in 2_ particles).

Numerousness (10 mg. yields 108 particles).

Stainability (Gram stain, hematoxylin, etc. ).

Gram differentiability (+ or - controlled by composition).

Solubility (parallel to G+ and G- bacteria).

Shrinkability (hypertonic solution).

Swellability (hypotonic solution).

Selectivity in retention of outer boundary (optical scope, e.m., time

lapse, u.v. time-lapse cinematomicrography).

Selectivity in retention of saccharides (fructose, glucose not re-

tained; glycogen, starch retained; not necessarily permeability

phenomena).

Simulation of appearance of cell division (shown by time lapse to be

due to processes resembling fission rather than fusion).

Electron micrographability (granular appearance, double layers

with increased pH).

ATP-splitting activity (by proper introduction of zinc).

Supported by Grant No. NsG-173-62 of the National Aeronautics and Space
.............. '-- "_-^-* _,v._T,̂___n_l _ +h_ TT _ _ablic Hea lfh _,-_o_

2"kUllg.llA_b£'_l.LlOll i_lAlU L_,V k.,T.I, qgU.l_ u..,, u._,._ v_ _ _. _ ............

Contribution No. 026 of the Institute for Space Biosciences, Florida State

University. All photographs are by permission of the Institute for Space

Biosciences, Florida State University. Except for figure 22, the photo-

micrographs are from the First Annual Report of that institute.
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useof aprecellular modelis syntheticin bothchemicalandconceptualsenses. Inevitably ,
(andI certainlysharesomeof this feelingandsharedit morefully earlier} syntheticmodels
oftenevokethescientist's characteristicdistrust of inductive reasoning.

I thinkan evolutionary model has to contend not only with the hypothesis of vitalism, which

I find wears many masks and which in my experience appears much more often than some of

the mechanists here would think, but also with the presumption of a chaotic disorder in nature,

and sometimes, of course, also with a supernaturalistic outlook which in some cases overlaps

the vitalistic. Certainly, a supernaturalistic bias is not the explanation for all of the vitalistic

outlooks; but any vitalistic outlook, I believe, arises easily because of overwhelming feeling

about the bewildering complexity of contemporary cells, and this is what the model attempts

to overcome. The experimental model may well be in the same mode, according to the evo-

lutionary premise, as the development of cells themselves in the primitive environment. Both

evolve through empiricism.

A recent conference at Wakulla Springs, Florida (ref. 63), covered such subject matter.

I think the title I selected for it puts in proper context in another respect the more appropriate

way of thinking about this than to talk of it as primitive life or synthetic cells or to use other

of what I would call semantogenic words. The title of this conference was "The Origins of

Prebiological Systems"; these systems were regarded as model systems by nearly all of the

participants, and in the most sophisticated terms of the word "model. "

I can see increasingly that I can hardly get into the properties of the microspherical units

which arise from this model, and which are listed on the abstract, without saying at least

something about the synthetic macromolecules which give rise to them. In fact, I might use

as a starting point some of the remarks this morning, particularly the reference to Oparin's

coacervate droplets. For those who want to read the rather extensive materials that were pro-

vided, much of this is to be found in a preprint, the title of which begins "Electron Micro-

graphs... "(ref. 62); iris a paper invited for a volume commemorating Oparin's 70th birthday.

As pointed out in the introduction of that paper, Oparin, himself, has emphasized quite

forthrightly that one of the inadequate aspects of the coacervate droplet as a model is its insta-

bility. He has suggested, as has Dr. McMullen, that those relatively instable coacervate

droplets had to evolve to more stable forms before cells even appeared as a possibility on the
horizon.

The thermal polyamino acids, on the other hand, give rise to units which have a requisite

degree of stability from the outset. Further evolution to greater stability need not be visual-

ized. This stability is manifest in the fact that the units obtained can be centrifuged. Figure

20 shows some of these. They are much more uniform than coacervate droplets and they can

be centrifuged in the clinical centrifuge; theycan retain their integrity indefinitely. They can
also be stained, taken up in blocks, and sectioned; and electron micrographs of them can be

obtained. The photographs, figures 22-25, are possible because of this stability.

There is also another important difference, which I think is a most crucial one; that is

the fact that the material itself, in contrast to the material used by Oparin with the coacervate

droplets or by others with coacervate droplets or other cell models, does not come from an

organism. Oparin uses gelatin which does come from an organism; but the material that we

use is a thermal polyamino acid, and we are able to produce it in the lower range of the molec-

ular weights of proteins and with a content of all of the amino acids that are common to protein

These polymers have many other properties of protein, despite the seemingly violent process

of heating the amino acids themselves. This polymerization has to be done under the proper
conditions which are dry heat typically at 170 ° for 6 hours and sufficient glutamic acid and

aspartic acid. If we do not have that, we obtain a dark, unworkable mass; but if we do have

that, we obtain genuine polyamino acids (ref. 64).

GREEN: When you say dry heat, do you mean no water under these conditions ?
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Fig. 20 .  -Microspheres of thermal proteinoid. 
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FOX: What I mean is no water initially. There is some byproduct water, of course, but the water 
that is formed as a byproduct of the peptide bond mostly does not leave the scene of action. 
There are formed imide linkages that hold onto the water  very tenaciously. 

ATWOOD: This is a powder, then, when you s tar t?  

POLLARD: Does it help to dry out the solution f i r s t?  

FOX: No. 

POLLARD: If it is just mixed as a powder, is it as good? 

FOX: Yes. 

McMULLEN: what is the moisture content of the individual anlino acid powder ? 

FOX: This question has been worked out thermodynamically by us (ref. 65) and by Meggy (ref. 
66). Thermodynamically, of course, as w e  add water we force the reaction in the direction of 
ainhio acid; in fact, one of the geological aspects of having a temperature like this is that we 
can hardly have this temperature without having d r y  conditions. 

Another mode is to use polyphosphoric acid o r  various phosphates; a very interesting one 
here is calciuiii phosphate, as well as ATP. Each of these will speed up this copolymeriza- 
tion, and the yields typically run 1 0  to 40 percent conversion with the highest yields being ob- 
tained when phosphates are present. 

to typically 65O. 
The mininiuin temperature necessary can also be lowered by use of polyphosphoric acid 
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LEIGH: Howlongdoesa proteinoidstaystableunderthese170° conditionsafter it synthesizes?.
Doesit stay aroundindefinitelyor doesit changeintosomethingelseafter awhile?

FOX: It canremainessentiallyunchangedthroughmanyhoursof heating. In the modelit neednot
doso, becauserain or tides coolthehot-reactionmixture quickly. HereI am struckby the
coefficientof theold Chineseproverbthat it wouldtaketenthousandtimes aslongto describe
in wordswhatI coulc% show in pictures (ref. 67).

There is something reasonably unique about the phosphate. Many would be surprised that
amino acids can be heated for hours at 100 ° in concentrated sulfuric acid, but it can be done

without charring, and the important feature there, as here, is that we must heat dry. The

sulfuric acid must be dry, free of water, but with sulfuric acid there is no polymerization.

With polyphosphoric acid, or with orthophosphoric acid which is converted by the heating to

polyphosphoric acid, there is polymerization and an enhancement of the yield.
The related feature here is that mononucleotides--we found in our own laboratory that

cytidylic acid can be polymerized to oligonucleotides with polyphosphoric acid at 65 °.

Schramm (who has reported on this earlier and also at Wakulla Springs) (ref. 63) has used the

ethyl derivative of polyphosphoric acid, also at 65 °, and he gets a polynucleotide.

WOESE: Did Sohramm work in an aqueous medium or in something like dimethyl formamide?

FOX: No, it is thermal, and it is nonaqueous; it does not use dimethylformamide.

HOFFMAN: How long do you do this with the polyphosphoric acid: It is 6 hours with dry heat. Is

it 6 hours with that, too ?

FOX: You mean the mononucleotides ?

HOFFMAN: No. You said there were two ways.

FOX: It depends on how much yield and how much we want to work up; typically it takes 50 hours
for amino acids.

ATWOOD: How long for the polynucleotides, according to Schramm?

FOX: I do not remember what it is for Schramm, but we usually use 2 or 6 hours.

ATWOOD: How long is the polynucleotide chain ?

GREEN: How many bases are in one chain ?

FOX: I do not recall what he finds. He finds moderately medium molecular weights, nothing as

high as would be expected in a natural polynucleotide, but he has fractionated these materials.

He has found one fraction which he claimed had been shown by Matthei (ref. 63) to have coding

ability. I do not think this is very surprising anymore. Nirenberg reported at the American

Chemical Society meeting in September (ref. 68) that polynucleotides synthesized by the more

traditional approach by Khorana have coding ability.

GREEN: Recently they have found that a polynucleotide with 10 bases will code.

ATWOOD: I asked this because several people have tried, and have been unable, to obtain poly-

nucleotides by Schramm's method.

FOX: Schramm was aware of this and volunteered the information that the people in this country

had not done it under the right conditions.

WOESE: Schramm has shown an electron micrograph of, I believe, polyadenylic acid produced

synthetically by his techniques, and it appears to be an extremely long molecule (ref. 69).



DE NOVO CELL SYNTHESIS 125

FOX: We are satisfied, ourselves, by the work of Schwartz and Bradley in our laboratory that

some polymerization can be carried out to ribonuclease-susceptible polymers of mononucleo-

tides by these thermal dry conditions.

POLLARD: Do these proteins show any--

FOX: They are not referred to as proteins. I call them proteinoids; the term "proteinoid" signi-

fies that they are like proteins and at the same time disavows a claim of full identity to pro-

tein. Proteinoids as a class have a long list of properties in common with proteins as a class

(ref. 74).

POLLARD: Do they act as antigens ?

FOX: No, they lack antigenicity, and they also lack helicity; but we have not really looked very

hard for either of these properties. All the proteolytic enzymes act on them. They have nu-

tritive quality. We found this first with bacteria; and they have been fed to rats and are being

studied in that respect. Krampitz and Knappen have published two papers in Nature on the re-

sults of feeding thermal proteinoid to rats (refs. 70 and 71). The thermal polymers have nu-

tritive quality for rats, though much less than casein. They are not toxic in prolonged testing.

YCAS: Do they use I- or dl- amino acids here ?

FOX: We can start with 1-amino acids and there is some racemization--in fact, quite a lot in

some cases. We have found that l-aspartic acid is racemized completely under typical poly-

merization conditions whereas l-glutamic is racemized about 50 percent under those same

conditions. We intend to look at all the other amino acids individually and also to vary the

conditions.

SAGER: Are both the d- and l-forms incorporated?

FOX: Yes.

GREEN: I would think that would be mandatory under some of the conditions.

FOX: This effect does not stand in the way of hydrolysis by the proteolytic enzymes or the pro-

teolytic use of them for an organism's nutrition.

WOESE: I should like more information concerning the pelyribonucleotides produced under the

conditions you have described. It would be interesting to know whether all the backbone link-

ages are 3'-5', or whether 2'-5' links also occur. One way of getting at this would be to digest

the polyribonucleotide with the appropriate ribonuclease and determine whether it is completely

degraded to mononucleotides (which it would be were all linkages of the 3'-5' type) or whether

a considerable fraction of oligonucleotides are also formed. Do you know whether or not this

type of thing has been done ?

FOX: What I remember from Schramm's work is that a part of his product is so degraded down to

the monomer, but therestofit is not. This is interpretable as indicating that he is getting a

mixture of products, some of which are closer to the natural kind of polymers (ref. 69).

We hope to have our volume out just as promptly as possible, and in that you should find

the details you are inquiring about.

BAUTZ: What do you mean by sufficient proportions of aspartic and glutamic acid?

FOX: For workable quantities of polymer, this means at least 4 tools of glutamic acid, 4 tools of

aspartic acid per moi of each of the 16 othe_ a_i_h_o acids. Then as we Lncrcasc thhcpropor-

tion of aspartic acid, in particular, we increase the yield and the workable quantity. We also

increase the proportion of the aspartic acid in the polymer, and in that one criterion the prod-

uct deviates further from a natural polymer.
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YCAS: These are branched through the carboxyl of glutamic and aspartic ? "

FOX: There is very little branching in these molecules. Harada and I reported on this feature at

the Federation meeting (ref. 72) earlier this year, using a method developed for imide linkages

and using Bradbury's (ref. 73) modification of Akabori's hydrazinolysis (ref. 64} method.
What we come out with, typically, is a polymer that has a mean molecular weight of, for ex-

ample, 5000, has one N-terminus and two to four C-termini. This suggests, of course, some

branching but not very much.

YCAS: Do you have any idea why it is not branched?

FOX: Yes, I certainly do. The dicarboxylic amino acid that might give rise to branching is as-

partic acid, and we can consider this thermal copolyaspartic amino acid. The structure below
represents part of a copolymer of aspartic and of another amino acid. Part of the key to get-

ring these results, instead of the hopeless mess otherwise obtained, is to copolymerize a neu-

tral amino acid with aspartic acid, in particular, or aspartic acid and glutamic acid or, as we

found more recently, with lysine.

When amino acids are polymerized thermally, most of the aspartic acid residues in the

chain react further to give imides. These are easily broken to true peptide bonds by warming

with water or by alkaline treatment, but the imide, as you see, permits of no substitution.

That explains why there is not more branching. The valency of nitrogen is such that there is
just no room for substituents.

---NH- C H- CONH- CHR- CO-NH---
J

C H 2- COOH

---NH-CH- CO N- CHR-CO-NH---
I /

C H 2- C_O

This high proportion of imide was observed early in the study by infrared analysis and

has been verified more recently by the method for imide determination. I could go through

the chemistry of that but I do not think it is germane to this development.

These are some of the basic chemical principles involved in obtaining a very complex

polymer in a very simple way. Some of the psychology pertinent to this problem is that the

chemist typically thinks of simple processes for simple compounds, complex processes for

complex compounds. Here is a simple process, a brutally simple process, for very complex

materials that are comparable in complexity to even evolved proteins; in fact, I think they may

be more complex than natural proteins.

Since it is a simple process, we can visualize how it could occur in a geological environ-

ment. Such syntheses as the carbobenzoxy method are out of the question.

HOFFMAN: Does more branching or cross-linking occur with a different ratio of aspartic to glu-
tamic to one of each of the others than 4:4:1 ?

FOX: Thc typical figures of table I show that a 2:2:l-proteinoid and a 2:2:3-proteinoid have a

similar degree of branching. The term "2:2:1-" means that in the reaction 2 parts of aspartic

acid were used, 2 parts of glutamic acid, and 1 part of the 16 other amino acids in equimolar

proportions; these are the basic and neutrals, and we refer to them symbolically as the BN

amino acids. Borrowing a term from the polymer chemist, the degree of polymerization for

each C terminus in the 2:2:1 runs typically about 12, and for 2:2:3 it also runs about 12. In

the analyses that we have done so far, there does not seem to be a very profound influence of

the proportion of the aspartic and glutamic acids on the degree of polymerization.
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Table I.--Degree of Branching in 2:2:1 and 2:2:3 Proteinoid

EData from Dr. K. Harada]

Proteinoid

2:2:1

2:2:3

Aspartic acid + glutamic acid

All amino acids

Reaction mixture, %

80

57

Polymer, %

83

65

Degree of

polymerization
C-terminus

12

12

GREEN: Is there any restriction with respect to the composition? For example, if there are only

four amino acids, would it make much difference in the speed or the extent or is it pretty much

independent ? In other words, does polymerization occur, regardless ?

FOX: We have done many systematic experiments with simpler systems than 18 amino acids si-

multaneously; and if we have enough aspartic acid and the necessary temperature, polymeriza-
tion occurs.

GREEN: These are the only requirements ?

FOX: These are the most crucial requirements. The result is a little different if there is glutamic

acid present as well as aspartic acid. With both dicarboxylic amino acids the reaction is sin-

gle phase. The pyroglutamic acid formed is a liquid which dissolves the other amino acids.

We find that there is a "pecking" order among the amino acids with respect to their tendency

¢,_._h,_ _nhT_,_-r._7_d_...................... th_'rm_lly+ and it does not matter very_ much whether we are polymerizing

4 or 18. Alanine and lysine will copolymerize in the largest proportions, typically. There

are some variations from one system to another. The addition of polyphosphoric acid makes

a difference; changing the temperature makes a difference, but there is for the most part a

rather uniform set of relationships.

POLLARD: Is histidine one of the 18 ?

FOX: Yes. I will come back to that.

FREMONT-SMITH: So we have the origin of the pecking order.

HOFFMAN: Is the same distribution of amino acids found in these proteinoids as in the natural
proteins ?

FOX: Except for serine and threonine, which are largely decomposed by the thermal treatment.

We now know ways to avoid this decomposition in these two amino acids. We do so with hy-

pophosphite which gives a reducing medium; and except for aspartic acid, which tends to come

out higher than in proteins in general, the contents fall into the range of individual amino-acid
contents.

With aspartic acid we have gotten down to 30 percent or less, and we can get down to

lower yields or lower proportions. However, as I indicated before, if we do that we obtain

lower yields, and we do not get enough polymer to work with easily.

HOFFMAN: Do the N term_inals tend toward the aspartic and glutamic ?

FOX: Aspartic acid does not. Glutamic acid shows a decreasing tendency at higher temperatures

of polymerization (ref. 74).
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DANIELLI: I wouldliketo suggestthatquestionsaboutthedetailsof experimentsshouldat least.be
postponedbecauseweare runningshort of time, andI think Dr. Foxhasa typeof information
that hewantsto conveyto us.

FOX: Yes,perhapsyoucanbetterunderstandmy apprehensionaboutcompressingall of this in-
formationinto 15minutes.

Dr. Pollard's questionabouthistidinepresumablyrelatedto the questionof catalyticac-
tivity, whichwedofind in thesethermal polymers. Wefind it for anunnaturalsubstrate,
p-nitrophenyl acetate. I will not take time for that unless I am able to come back to it, but I

would like to answer another question here. We have taken a piece of lava from the Kapoho

field on the Island of Hawaii. Instead of using glassware, we placed in a depression in the

lava one of our typical mixtures of amino acids and placed that in the oven at 170 degrees for

3 to 4 hours (we have done this a number of times). Then, simulating further one of the kinds

of primitive locales that can be visualized geologically for the sequence of events, we have

poured upon that a bacteria-free, boiling salt solution or water. In doing so we obtain the

typical occurrence that we have in glassware.

On heating we get a suspension of thermal polymer in water, a clear solution to begin

with. But as soon as it cools in a matter of minutes, we get vast numbers of these micro-

spherical units which may be regarded as akin to experiments, morphological experiments, in

evolution or as models. All of this, through polymerization and spherule formation, occurs

in a matter of a few hours. The conditions are simple and geologically widespread.

The related questions are what kinds of properties do we find in such units and what other

kinds of properties can we, by attempting to think like a primitive environment and experiment

like one, introduce ? Of course, the questions asked in this way rest on the original

philosophy.

The kinds of properties that are concerned are listed on the abstract. Again, I would em-

phasize that the uniqueness of this model is that the morphological units are obtained from ma-

terial that is not itself derived from contemporary cells but, rather, from yet simpler units.

FORRO: Can you take natural peptides of the order of the size synthesized, dry them down and

then add your water and stuff and obtain similar units to the ones you describe ?

FOX: No. We tried this kind of experiment with a few proteins and have not observed what I would

call morphogenic properties of the sort described, but you are the third person to suggest that

the molecular weight may be important. That is an experiment we have not done. We have

not degraded proteins to a size such as 5000 and carried out such experiments.

If we use as a hypertonic solution calcium salts and magnesium salts at concentrations

isomolar with sodium or potassium salt, and at a particular concentration at which there is no

effect due to the sodium or potassium salt, shrinkage occurs with calcium or magnesium.

The microspheres are stable to centrifugation, in contrast to coacervate droplets. The

microscopic size seen is a few microns (fig. 20). It is possible to make them much larger,

up to 80 microns in diameter. Inadvertently, we have seen many shapes, not just the spheres,

but some that look like yeast budding.
Some of this is of interest in conjunction with the formed elements that have been reported

from meteorites. We have done thousands of experiments of this morphological type and have

seen, inadvertently, everything that Claus and Nagy (ref. 75) have reported, except one very

strange looking unit.

QUIMBY: The strange looking unit is figure 23 from the original paper on organized elements in

carbonaceous chondrites. I refer to the paper from the Fordham group (ref. 75).

FOX: In figure 20 we can see that these are relatively uniform in size, certainly far more so than

the coacervate droplets. This feature permits osmotic-type experiments.
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Figure 21. -Time-lapse sequence showing fission in proteinoid microspheres. One is 
indicated by arrows. The total time sequence is 80 minutes. 

I am reluctant to analogize these to osmometers because we must use concentrations of 
salts to obtain shrinkings and swellings which are about an order of magnitude higher than 
those which are used for cells, but there seems to be a suggestion of osmotic property here. 
Here the modification of this property can be visualized, perhaps particularly through the in- 
corporation of lipids. 

such a way that they stain gram-positive o r  gram-negative (ref. 76). The essence of this 
study, which is in accord with one of the many theories of the structural basis for the differ- 
ence between gram-positive and gram-negative stains, is the proportion of basic amino acid. 
We find that with a sufficient proportion of polymer rich in basic amino acid the microspheres 
stain gram-positive, but with less than that they stain gram-negative. Moreover, their solu- 
bility characteristics are parallel to those of the gram-negative bacteria soluble in dilute al- 
kali and those of the gram-positive bacteria insoluble in dilute alkali. 

dence is that we can make these microspheres in the presence of 2-percent fructose, glucose, 
glycogen, o r  starch and then wash each of the microspheres four times with water. The ones 
made in the presence of glucose and h c t o s e  retain no carbohydrate. 
ence of starch and glycogen have retained carbohydrate. I would not infer from this that the 
selectivity is one closely related permeability. We have not ruled out the possibility, for 

These are stainable by hematoxylin and the gram stain, and we can also make them in 

We observe some evidence of selectivity in the action of the boundary. One kind of evi- 

Those made in the pres- 
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Figure 22. -Electron micrograph of a section of proteinoid microsphere stained with osmi- 
um tetroxide and embedded in a block of methacrylate. 

instance, that the glycogen and starch are  really absorbed on the exterior, but we are experi- 
menting to test whether or not that is so. 

However, if we look at the time-lapse sequence of figure 21, a large microsphere can be 
seen in the interior. This field consists of microspheres that were made in the way I indi- 
cated and in which the pH was raised to 5-6. The successive frames in the time-lapse se- 
quence are  30 seconds apart. That is 1 to 2 to 30 seconds. One is 1/2 minute after zero time 
for taking the pictures; 3 is 1-1/2 minutes, et cetera. 

course, is a kind of selective action and a first suggestion, at least, of one of the p r o p e r k s  
that would be associated with membranes. 

Also, we can see some evidence here for Brownian motion because the residual center in 
this figure 21, is off from the geometric center in different directions in successive pictures. 

This kind of result is also found in the electron micrograph of figure 22. 
micrographs of figures 23-25 show Some microspheres made from proteinoid in which the pH 
hae been raised by adding McRwain's buffer, pH 5 to 6 ,  under the cover glass, to a suspension 
of the usual microspheres. Figure 23 shows a sequence; a l l  of these, of course, caught in 
methacrylate blocks and stained with osmic acid, show schematically a sequence. The one at 
the bottom is one in which this deterioration of the center has not proceeded very fa r ;  the one 
in the upper left-hand corner would represent a second stage; the one in the lower left-hand 
corner a third stage; and then either of the other two a fourth stage. Yet, as can be noticed 
the boundary remains. 

We can see that the center is disappearing and yet the outer boundary remains; this, of 

Th2 electron 

This, then, iF. an electron micrographic verification of the optical 
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Figure 23. -Five proteinoid microspheres prepared as for figure 22 .  

micrographic kind of result, since the optical micrograph, of course has certam inadequacies wiiii 
regard to a conclusion like this. Incidentally, on eachof these the marker is 1 micron. These are 
all by T. F'ukushima. These sections have been made with anultratome and they are typically about 
8 00 angstroms thick. Also , Dr. Philip Montgomery at the University of Texas has followed this ex- 
periment through with ultraviolet cinematography and has observed the same sort  of phenomenon. * 

Since we have here the pictures in the paper f o r  the Oparin commemorative volume, we 
might look more at those. Figures 24 and 25 show a kind of double layer and there is either 
no, or  essentially no, lipid present. At first, we w e r e  concerned with the absence of phos- 
pholipid, although I think Dr. Green's e-xperiments help to make this possibility a little clearer; 
but we also thought in terms of the fact that there might very well be the necessary hydrocar- 
bon character in the side chains of the neutral amino acids, of which there is a goodly propor- 
tion in the material. We have, indeed, done a number of analyses on the whole microsphere 
and compared these with analyses of the shell after diffusion of the interior and washing, and 
we do not find any difference in amino acid profile as yet. 

ATWOOD: Can you be certain that t h i s  double-wall structure is not a fixation artifact? 

FOX: I do not think we can be any more certain of this than we can be with the true cell. 

*Montgomery, P. O'B. , personal communication, 1963. 
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Figures 24 and 25 .  -Two photomicrographs of proteinoid microspheres 
subjected to raised pH and carried through electron micrography. 
Double layers are evident. 
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ATWOOD- I asked the question facetiously.

GRENNELL: Do you mean that electron microscopy always makes the same mistake ?

FOX: Yes, I think we must have that reservation in both instances, the synthetic or the evolved
material.

I will just refer to the last property which we found most recently and which we feel is of

more interest than any of the others, singly speaking; that is that we have been able to intro-

duce ATP-splitting activity into these microspheres. We worked for about a year and a half

on this, and we know many ways in which we cannot do it reproducibly; but it can be managed

reproducibly by adding freshly prepared zinc hydroxide gel to the proteinoid being heated in

the aqueous solution. Both the zinc hydroxide and the proteinoid go into solution and micro-

spheres separate out that are different from the others we have seen (and we have seen many)

but that are of themselves morphologically very interesting and which clearly, after careful

washing with water, have retained the ability to split ATP.

BAUTZ: I do not want to sound mean when I ask how high the control is because it is known that

metals do split phosphates.

FOX: Yes, that is right. In fact, that is the basis on which we did the experiment. I am not pre-

pared to say, and I would not want you to draw the inference, that there is more activity on a

specific zinc weight basis in these units than would be obtained in an ordinary inorganic salt

of zinc. On the other hand, I cannot say the opposite, and there are experiments under way

that are aimed at answering this question definitively.

I think the significant aspect in a prebiological context is that it is possible to incorporate
a metal that has ATP-splitting activity in a unit that has separated from its environment.

DANIELLI: Thank you, Dr. Fox. Dr. Pollard is now going to attempt the heroic task of sum-

marizing what should be deduced from the day and a half_s activity.

POLLARD: i i/_ink, M-'. Cnah:iima, ".... is goirg to bc ample .... _-+,,,,_hT fnr ynn _:n h_sr mv

voice today. In trying to summarize this conference thus far, there are, several things I must

do concerning the part dealing with the cell. One is to try to connect some thoughts regarding

de novo cell synthesis and theoretical biology, and another is to synthesize some thoughts re-

garding theoretical biology.

First, I would be unwise to dwell very long on the reaction to the problem of de novo cell

synthesis. All present have heard the evidence, the discussions, have seen what kind of situa-

tion we are confronted with, and thus have come to your own conclusions. I will simply give

my conclusions, not that these represent a summary or that they have any authority at all.

My conclusions can be summarized in the following manner: I think that, coming from

quite different areas, my own account and that of Dr. Forro, Dr. Morowitz, Dr. Green, and

Dr. Slonimski all indicate that the present-day ceil is a highly organized, specially con-

structed machine that has been selected by evolution. It works; it almost inevitably appears

that it works in an accurate cyclical way. About 5 years from now, we probably can look to

maps for E. coli on which not only will the synthesis of the DNA be perfectly, definitely ar-

ranged in terms of the cell cycle, but also each of the enzymes as they are produced in this

cell will be known as to the moment when they arise. We will know when the cell membrane

is made as it goes along; and we will know when the cell wall is made as it goes along. All of

these things will be part of a very regular, smooth, nice pattern of a living cell.

Frankly, the thought of making a cell de novo overwhelms me. Iwill say this, too, that

i_ w_ c_,l _v _ a cell uc_-novo ff wc o_y h .... e,, _,,_, ......_ n,. R,_h_-rt_.q_ys; the three

enzymes, the three polymerases, and the other ingredients and put them together, and then

this marvelous process results--then I will go one stage further. I believe that indeed we will
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findbiologyhasproducedonemorelawof nature. Therewill beaprinciple of organization •
notyet apparentin thephysical_orld whichwill havetakenoverandmadepossiblethis very
remarkableprocess.

Thus, I feel it is well worthwhileto playwith systemslike this. I congratulateDr. Fox
onactuallyhavingdonesomethingaboutit. I mustadmitthat in terms of systems,whichI
think m_y of ushavethoughtwerepartly symbol-producingpictures (whichbothsurprised
andinterestedme), I donot knowthat I feel this is thekeyto theformationof thepresent-day
cell, andDr. Foxhascertainly neversaidsobecausehespeaksof prebiologicalevolution
throughouthis story.

I thinkit is interesting, andI wouldalsourge Dr. Morowitzto deviatefrom his 15slaves,
or whatevertheyare thatoperatein the PPLOfactory, or at least to deviate2of themto that
very nicesuggestionofsquirtingtheinsidesof the PPLOintoa dropof oil andwatchingwhat
happens.In this wayhecouldperhapsconvinceDr. Grenellthatthis was, indeed,not con-
tamination,whichis whathesaid. I think this is probablyworthwhile.

TheotherthingI think I realize is thatthe bestapproachto thesynthesisof a cell denovo
is to imaginesomethingin betweenthevery primitive situationwhichwouldsimply followwhat
Dr. Foxhasbeensuggestingandthepresent-daysituation. It seemsthat a placewheretheory
mayverywell play animportantrole is in telling uswhatpartial successto look for. In other
words, it is possiblethat wewill notat first choosetheright epochin the evolutionof thecell
to lookfor the placeto synthesize,butperhapsin choosingthewrongepochwewill getsome
part of theway. Thus,the questionis, Whatwill wepredict asbeinga successin that con-
text andwill webeguidedto lookfor somethinglater or somethingearlier ? Of course, there
is alsothequestionasto whetherwecanfind the right kindof cell to synthesizeright now.
This is oneof thethingsthat I thinkDr. Morowitzhasstressed.

Otherthanto summarizeas I have, I cansaynothingbecauseI think theproblemis
clearly presentedto us. I think there is a greatdeal to work on, andI think to sayanything
morewouldbepresumptuous.

I canturn to theotheraspectof this conference,that of theoreticalproblems. Thefirst
thingthatoccurredto meduringtheconferencewassomethingthat bothersus all thetime.
For instance,I noticedsomeconflict betweenDr. WoeseandDr. Green. Dr. Woesesug-
gestedif we tookavery thin mica layer (andby thewaytheyare indeedvery thinwhenweget
themthin), damagedor alteredit in someway, andthenusedi,: as a membrane,wecouldob-
tain remarkableconcentrationsof ions. Ofcourseweare clearly not lookingat a contractile
membranenor at whatmostof usfeel wemeanwhenweoperationallyspeakof a permease.
Dr. Greenfelt this wasirrelevant, andI think perhapsI do, too. But it is interestingthatone

of the things that should be done as part of the service, which theoretical biologists can so to

speak give to the biological community, is to examine and characterize as many purely physi-

cal processes as possible. And they should also write their conclusions clearly so that these

things will actually be available. This, by the way, is not notably done by theorists, which is

a sad thing.

For example, concerning this mica membrane, what probably incurred a moment of re-

sentment on Dr. Green's part was this--and certainly I would join in that, and here I am speak-

ing for myself--hmdamentally, what we need to say is: Does your mica system have proper-

ties which could conceivably come close to the ones observed in biology ? Does it have any-

thing like them? And doubtless it does. The point is, does it have enough of them that we

should stop even thinking about the contractile process, that we should stop thinking about this

rather odd stoichiometry he observed, and, so to speak, force ourselves to discard this hy-

pothesis first ?

We could work on material, authoritative enough relationships, enough descriptions.

There are many processes--membrane separations, foldings of protein, foldings of DNA,
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mechanismsbywhichthingscanmovein the cell bypurelyphysicalmethods,mechanismsby
whichtwo mitochondriacancollide and join as two soap bubbles can collide and join--and all

of these purely physical mechanisms should be examined. If we look at the first, the 1933

Cold Spring Harbor symposium on surface phenomena, we notice the remarkable fact that the

early days of theoretical biology were 30 years ago, because at that symposium there was a

great deal of this kind of discussion, which was much more respectable in those days than it

is now. I suggest that part of the task of theoretical biology would be to restore the respect-

ability, perhaps not in terms of interpretation of biology, but in terms of a necessary chore to

clear out these available thinkings and systems so that the possible miracles of biology can
become clearer.

I have divided the remaining into a series of topics, each of which I think contains a cer-

tain amount of relationship. The first one concerns essentially the basic DNA story. The

theory of DNA rotation, the actual facts and the possibility of DNA rotation, the energy re-

quired for it, and so on, should be worked on by someone again. There have been a few sug-

gestions about it, a few mechanisms of ways of twisting and so forth, but I believe it needs,

not necessarily more scholarly work, but a larger accounting. I think the topology of DNA
replication is a subject for theoretical study. We know that the DNA has both to uncoil and to

untwist, and we know that it has to take place in a bacterial cell inside a cylinder. In the case

of Dr. Morowitz's PPLO, it has to take place in a very, very tiny region, in the center, pre-

sumably, of this very small object of something like 1/10-micron diameter; this seems to

place strong topological restrictions on what it is doing. Someone with a sense of form and of

the relationship between forms would do well to examine possible ways in which this can be

done, because certainly something as small as the PPLO case, perhaps similar to Dr. Green's

small particles, has only one way in which it can be assembled.

I think that the description here of the work by Dr. Seymour Benzer, in which the mutation

rate for phage is found to be extremely high in certain cases and much less high in others, may

very well have within a genetic map a physical relationship to the actual physical state of the

DNA, which is suggested and which, like many theoretical problems, has no uz,s,,l_ ....

origin but needs to be worked up. Perhaps there is already available a very clean theoreti-

cal problem having good data that could be compared with the theory.

The question concerning what happens when the messenger is made on the DNA is, I think,

important. In our discussions we evolved the idea that only momentarily was there separa-

tion; this, I think, suggested a process which certainly could be studied in terms of molecular

scale study and thus would definitely need theory. The problem of the elasticity of DNA, which

may not be easy to measure experimentally, could be approached theoretically. Enough facts

are known about DNA that the elasticity of DNA could actually be calculated theoretically. I

also think that the precision of synthesis is important. For instance, this mechanism of sep-

aration of the D]?TA, the momentary separation, suggests that perhaps the precision of the

messenger's synthesis may not be as great as the precision of the synthesis of DNA itself.

This should be examined theoretically and something formulated about it.

Taking another group of problems, not in the DNA group, the problem of the transport of

protein to organelle regions arises. At lunch today (and here I am putting on record our dis-

cussion as Dr. McMullen suggested) Dr. Green told me that he is able to examine essentially

liters of mitochondria; iii these liters of mitochondria he was not likely to say there was no

DNA and no RNA, but I think he would like to say there is no significant DNA and no significant

RNA. On the other hand, we do know that mitochondria grow or become more (I will put it

that way, a little differently perhaps from growing; they become more), and they become more

out of quite actively characterized protein, in £acL, D_. o,ul.,_.__"........... .o+...._._+_ c +_+_ en _h_.+._fact

there are genetic mechanisms by which the protein can be characterized in these nzitochon-

dria, and genetic mechanisms by which the mitochondria are made must almost automatically
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notbein themitochondriaitself. If there is nonucleicacid, it mustnotbewithin the mito- -
chondrion. Becauseall of this material (whichis organizedin a mostsignificantwayinto
thosequadrupledoughnutswesawmakingthelayers) somehowhasto get there, I think the
transportof theprotein intothe systemandwhathappensto it is interesting. After consider-
in_gthat, theassemblyof the mitochondrionbecomesa majesticproblemof theoreticalbiology
andonethat I suggestis alonesufficientto occupythetime of manytheorists.

Concerningthe systemof energytransfer in theenzymeblocks, Dr. Woesesuggestedthat
perhapswecouldhavea specificoperationthat madepossibletheorganizationof onemolecule
with respectto anotheroversomedistance. This is somethingwhichneedsto bethought
about,andthustheprocessof multipleenzymesystems,whichI havecharacterizedas en-
zymeblocks, shouldbeconsidered.

Unquestionably,wehavechannelsin whichmetabolitesaremoving. Thecristae in mito-
chondriarepresentonesuchchannel. My strangesort of growingof the membraneof abac-
terial cell, whichis an imaginedstructure, andthesurfacestructuresof boththeoutsideand
the insideof mitochondriaasdescribedby Dr. Greenrequire, almostcertainly, restrictive
regionswithinwhichmetabolitesare transferred. Thewaythis transfer takesplace, I think,
is theory.

Leadingto anothertopic is the interestingquestionof thepackingof protein in lipid. Ob-
viously, this is a keyto all of the membranestructuresthatwehaveheardof. Whilewehave
very informativepictures aboutproteinandlipid structures, I think that this area, again, is
theoreticallydiscussable. For instance,I gatherfrom Dr. Greenthat it is the hydrophobic
groupsof proteinthat are foundwithin the lipid. Healsotold methat theactualactivity of
the enzymaticprocessesprobablytakesplacenot somuchin proteinbut in the lipid. This is
somethingdefinitelyworth theoreticalconsideration.

I wasfascinatedbythetranslocase,the ideaof this beingin someway relatedto some-
thing in bondunderactomyosin,thesethingsthat Dr. Szent-Gyorgyisuggestedare sitting on
the membrane.This is a fine idea, andagainI believeit needsto bethoughtabout. As soon
asthesethree ions are puton thesurface, a very potentandinterestingelectrical structure
develops.As wespeakof contraction,I cannothelpasking,Whatare theycontracting
against? As I beganto thinkof theactualtwisting processthatwouldoccur andof the looping
sort of law andtherest of themembrane,I beganto havea strangevisualizationof this twist-
ing processonthe surface. AndI mustadmit I wouldlike to seesomeonework this out and
reassureme.

If weconsidertheotherproblems, I think Dr. Slonimskiproducedabeautifulone. He
pointedout that in vitro thecomplementarity,whichgeneticallyhasgreatpowerin this study,
is available. I amnotquite surehecandoall thosethingsin 2weeks. If so, I think perhaps
weshouldimport a fewlab technicians. At any rate, there is noquestionthat a theoretical
hypothesisis madepossible;moreover, shouldwenot, astheorists, knowhowto put together
potentpartsof proteinsin solutionin a fairly definiteway? Whatis the matter with us? Why
arewethrowingupour handsona problemlike this? It seemsto mea delightfulquestionfor
theoryto consider.

In connectionwith, butalonga somewhatdifferent line, I think a generalattemptshould
bemadeto lookat thetheoryof protein secondaryandtertiary structure. I donot think that
the numberof proteinswenowki_ow,which is 8 or 10 in greatdetail, shouldreally besocom-
plicatedandsodifficult thatthe mechanismsof all the inevitability of foldingandof general
foldingbehaviorof proteinshouldnotbesomethingwecouldtheorizeabout. I wouldsaythis
is a perfectlygoodthing to talk about,too.

Last (andI donotknowwhetherwecanwork this up for this conference),as I havesat
listening,whatimpressesme, as it hasfor all theyears I havetried to work in biology, is
thedifficulty of findinga knowledge.In this roomweare notreally well selectedfor variety
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andprecisionof knowledge.Weare selectedfor aninterest in theoreticalbiology,whichis
not necessarilythesamething at all, butobviouslybymerely goingaroundthe roomwecan
satisfyourselvesonmanypoints--for instance,nucleicacidin the mitochondrion. I would
like in this conference,or throughagrantby NASAandAEC, to supporta deliberateattempt
to makeapproximatelya 50-pagecompendiumof whatmightbeanextensionof Dr. Morowitz's
five points. It couldbeginwith the invariantsashespokeof them, moveout from theinvari-
antsintowhatmightbecalledthefirm knowledge,thenmoveout into thereasonablyfirm
knowledge,andtheninto thevery peripheralthing. If this were compiledin a 50-pagebook
that couldbeperusedandconsidered,I think it wouldbevery good.

This ideais notquite soamusingbecausetheAIBSandseveralotheragencieshaveput
theseglossariesof nucleicacidterms andprotein terms together. If youdonotby anychance
havethesein your library, get them. Theycost $1andthegraduatestudentsliave 'q3orrowed"
themsosystematicallythatwehaveto keeporderinganewsupply. I think thatthepurposeof
this array of suitableknowledgewouldbeto pick morethanjust thosetwo subjectsandput
themall together.

DANIELLI: I did promiseDr. l>ittendrigha minute.

PITTENDRIGH:I wouldlike to respondin part to myownquestionlast nightof whattheoretical
biologyis becauseI impliedbyaskingthe questionthat I thoughtit wasworthwhile. Thefew
commentsI am goingto makewill bequitedeliberatelyprovocative;andsinceI haveonly a
few minutes,I amgoingto readsomenotesI havewritten in the last fewminutes. Otherwise,
I mighttalk until 5 o'clock.

I wantto be soboldasto start from whatmightseemtrivially obvious,that thetask of
theoretical biologyis to explaintheorganizationof thekindfoundin living systemsandthat
this explanation,like all othercases,will beachievedonlyby theory. Thequestionis wheth-
er there is anythingpeculiarto living systemsthatmakestheoreticalbiologyin anywaydif-
ferent from theoreticalphysics. This mightimmediatelysuggestthat I amaboutto flirt with

vitalism--and I certainly am not.

First, if we note the biologist's basic axiom that all living systems are evolved complex-

ities of matter (whatever that is), then vitalism is excluded. Second, physical theory is the

major arsenal of basic explanatory tools to which the b.iologist can turn. That is all clear;

however, there is more. The organization we wish to explain is the product of a long histori-

cal process, and it is a process we know much about, not so much as to the phyletic details

but as to the principles involved. The nature of the historical process is to fix the first suf-

ficient novelty that will enhance reproductive competence, and that fixation may turn out in

historical perspective to be a commitment that catalyzed all later changes in the organization.

That is to say, the process of selection chooses one from an ensemble often containing many

physically sufficient solutions to the problem.

Purely historical considerations (in the sense I am using here) have played so dominant a

role in the determination of organization at higher (multicellular) levels that it is wholly un-

reasonable to believe it has played a minor role in the nmch longer history of the cell's or-

ganization. For example, is the function performed by proporphyrin in so many specific mol-

ecules, and so many specific different functions, such that only the proporph_rin can do it, or

is it merely that the function to be fulfilled can be fulfilled in each case by a molecule for

which the cell already has a synthetic apparatus on band and thus uses it ? Again, with respect

to adenine in so many different cofactors, in ATP itself, and in the information storage and

translation devices, is there a physical aspect on each process which is uniquely fulfilled by

the physical properties of adenine? Ok- again, _-_ *_ _11 gi .... _h_ _i_p_t,,q tn _vnthesize

adenine, used it simply because it is sufficient, not necessary?
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WhatI amsayingis that a major task of thetheoreticalbiologistis to disentanglethose •
featuresof his organization(thecell) that arenotonly physicallysufficientbutphysicallynec-
essaryto dischargethefunctiondemandedfrom thosethat arephysicallysufficientbutnot
necessaryandpresentthere for purelyhistorical vis-a-vis physicalreasons. This distinction
is necessaryevenif our goalis, for instance,apurelyphysicalexplanationof living
organization.

Thereis analternativeto the "purely physical"explanationthat is notyet vitalistic. That
explanationinvolvesthepurelyhistorical considerationsderivedfrom the probabilisticrather
thanthedeterministicnatureof thehistorical processthat hasled to living systems. This
distinctionis also crucial to anyrationalapproachto the searchfor extraterrestrial life.
Thus,to the extentthat wecandemonstratethat themajor concretefeaturesof the living sys-
temsweknowarephysicallynecessaryandnotonlysufficient, wecanto that extentusewith
greaterconfidenceeasily conceivedlife detectionsystemsthat arebasicallychemicaldetec-
tors. To theextentthathistorical accidenthasearly selecteda catalyzingsinglealternative
from themanypossible,weare confrontedwith themoredifficult task of designingfunction
detectors.

Moregenerally, I believethat theoreticalbiologyshouldbeconcernedfirst with identify-
ing thefunctionalprerequisitesof the minimumliving organizationandthenwith pursuingthe
formidabletaskof askingwhetheror not thewaycells weknowfulfill thesebasicfunctionsis
awaythatis notonly physicallysufficientbutphysicallynecessary. (Pleaseforgive therep-
etitionsfor thesearenotes.) By functionalprerequisitesI meansuchthings, for instance,as
informationstorageandaccumulationof novelty, informationreplication, informationtrans-
mission(theseare all different), andinformationtranslationsystems. As a functionalpre-
requisitewealsoneedcontrolledenergytransfer systems. Thereare othermoregeneral
prerequisitesin anorganizedsystem,suchastheneedto precludespontaneousprocessesex-
ceptonspecific permission. Incidentally,weneedprinciples of organizationif weare to
makeprogress.

In summary, I havebeentrying to saythat weneednotonly physicaltheory in thenarrow
sensebutwealsoneedselectiontheoryin a very broadsenseif weare to hopefor a complete
explanationof a systemwhichhasarisenby a processof selection. Unlessweunderstand
that, weare notgoingto explainit. Thus, for instance,evenif wecouldsynthesizea cell de
novowewouldnothaveansweredthequestionasto whetherothersystemselsewherecould
existwith a differentorganizationbut equallyalive.
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PART Ii. ASPECTS OF THEORETICAL ECOLOGY

CHAIRMAN: R. LEVIN8

LEVINS: Going now to population biology, we are dealing with an area where three separate dis-

ciplines are coming together: evolution, population genetics, and population ecology. These

fields came about through different lines of study and generally made different assumptions.

The population geneticist generally considers the heterogeneous population with its different

genes, usually in a uniform environment, without considering population density or age com-

position even though population number does become important and without being too concerned

with other species except indirectly as they affect survival value. Population ecology, on the

other hand, is more interested in heterogenous environments, in systems of many species,

and in populations where we must make distinctions as to ages of individuals. But population

ecology generally assumes that each population is genetically homogeneous. And, finally, the

evolutionary study emphasizes the temporal and historical changes taking place.

We would like to combine these; however, then we have a model requiring heterogeneous

populations, many of them, in environments that are changin_ in time and in space. Such a

model produces a number of analytical difficulties. We end up with mathematical models that

are virtually unworkable. We have random processes, simultaneous random processes, that

are nonlinear. The environment appears here as a random variable. It is all right to treat a

fluctuating random environment in a simple genetic situation and consider the fluctuations in

gene frequency. However, for a population to derive any benefit from responding to natural

selection, from changing, some correlation must exist between the environments of succes-

sive generations. If we allow a correlation between the environments of successive genera-

tions and the change in general frequency is no longer a Markov process, it becomes a sto-

chastic process generated by a Markov process. We have virtually no theory for dealing with

such situations; thus, in this area we must appeal to the mathematicians to devise systemati-

cally a particular class of non-Markov processes that we need.

A second difficulty in the mathematical problem of manipulation is that the parameters

appearing in these equations are virtually unmeasurable. We have a large number of species

interacting and a coefficient of interaction between each pair, but in most instances we have

no hope of accurately estimating any of these terms. It would be impossible for a group of

population ecologists to have a discussion similar to ours earlier where speakers would ask

how many angstroms is that or how big is the molecule, but then we are dealing with equations,
the parameters of which we do not know and cannot measure.

Finally, suppose we do know the parameters and we do solve the equations; we would get

something that is virtually uninterpretable. Solving a set of simultaneous equations, quotients

of determinants, each of which is a sum of products of these unknown parameters, does not

provide us with any nice intuitive meaning. Therefore, this field of population biology is tak-

ing a somewhat different strategic approach. We are not trying to set up equations to measure

all the parameters and solve them; we are looking for something else, and there are several

possibilities. First of all, we are interested not so much in a solution to the equation as in

the character of the equation, such as whether there is stable equilibrium, or more than one

stable e_uilibrium, or steady oscillations.

Some here may be familiar with the arguments used in considering equilibrium in compe-

tition between two species, if two axes on a graph represent the abundance o£ species 1 and 2,

the quarter plane can be divided into two regions. When the points lie in one region, species

X1 declines; when the point lies within the other region, species Xl increases. A second line

divides the plane in the same way for the other species, and it is the rate of the intersection

139
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whichdetermineswhetherwehavestableequilibrium. If Y increasesmorerapidly alongthe •
X-axiswhereX is very abundantandif X increasesmorerapidly alongthe Y-axis, wecan
havea stableequilibrium. Theinterestingthingaboutsucha modelis thatit is robustin the
sensethatit is very resistant to changes. We assume straight lines. The straight lines as-

sume that the coefficients of interaction between these cells are constant. The logistic equa-

tion has been criticized, but if we make reasonable curves it does not change at all as long as

the curves cross each other in the same way and the same relation exists at the intercepts of

the axis. This is nice because that means that we can express our results in conditions of in-

equality. It is equivalent to saying that each species inhibits the growth of its own members

whether or not it ilxhibits the growth of members of the other species, and inequality of this

kind is much easier to reassure ourselves about than exact equality.

SAGER: Is that a general example ?

ENGELBERG: Is that a general statement you are making that each species inhibits its own
members ?

LEVINS: No, it does not always occur. I am saying that is a condition for equilibrium between the

two species.

FRIEDENBERG: When referring to species interaction, do you assume that there is competition

between species at all times ?

LEVINS: Yes, there is first the species in the same environment competing for a food, or only

partially, or each one contaminating its environment but more for its own members than for

others. I am not saying this is an experiment we can necessarily make, but it is the inference
that comes from here.

A second kind of problem that we deal with compares whole groups of species and tries to

make generalizations about them. I use as an example some investigations that we have car-

ried out on the adaptive significance of migration. In the old literature migration between

populations was considered harmful because of the swamping effect, which prevents a population

from adapting to its local environment. This is true provided the environments of the two

populations are different and constant. When we consider the opposite situation--the two popu-

lations of the same species, living in different places, within environments that are on the av-

erage the same but each one fluctuating in time--in that case the migration of genes between

populations has the effect of damping the response of each local population to fluctuations in

the environment. The damping of this response is advantageous if the fluctuations are ephem-

eral or of short duration. Only when there are long-term changes in the environment is re-

sponse to selection advantageous.

It turns out that environment changes of long duration are also widespread geographically.

This means that the fluctuations in the environment which will last a long time will tend to oc-

cur simultaneously in the two populations in question. When that happens, the interchange of

genes between them does not dampen the response at all. From this we can conclude that the

adaptive significance of migration is to permit the two populations each to respond to the long-

term widespread fluctuations of the environment while damping their response to the short-

term local ephemeral changes. If this is true, then, we can say that temporal fluctuations in

thc environment increase the advantage of gene flow, but spatial gradient between the environ-

ments decreases the advantage of gene flow. From this we can then conclude that the optinlum

degree of gene flow is greater for those species having a high temporal variance in their en-

vironment compared to the spatial gradients.

This hypothesis can be tested by considering the whole flora in a region such as the tran-

section from the coast up to the high mountains of Puerto Rico. All the plants have the same

gradient, average temperatures, and average rainfall; but the environment is nmch more
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variablefor a weed,for anannual,or for a plant of the open country than it is for trees of the

forest climax. The reason is that the long duration of a forest damps out the average fluctua-

tions of environment. The forest environment itself retains water and is therefore relatively

stable to drought conditions. Because the seeds of forest trees are large, the next generation

will most likely be rooted in the same soil type as its parent. From such considerations we

can predict the amount of gene flow between populations for weeds and for trees. We get in-

equalities which lead us to expect differences between whole large categories of the flora or

fauna. Similar generalizations could be made concerning life span and possibly individual size

and other properties of this sort.

Another way of circumventing the analytic difficulties of this complex ecological system is

to concern ourselves with properties of a system itself rather than properties of the individual

species. This could be done in the following way: let the rate of change of each species be

given by roxi(K-xi-Ejxj_ij)/K where x i is the abundance of the i-th species, K the carrying ca-

pacity of the environment for that species, and _ij the effects of species j on species i (which

may depend on the environment). Thus we have a matrix of the _ij terms (with ones along the
principal diagonal) which describe the structure of the community. The many properties of

the community as a whole depend on the properties of this matrix. The stability of this com-

munity is related to the eigenvalues of the matrix. The trouble is that we do not know the ei-

genvalues because we have said nothing yet about the _'s. We can, however, make several

kinds of statements. The average eigenvalue for this community is 1 because of the l's along

the principal diagonal. The community will be unstable if there is any eigenvalue which is

negative. The greater the variance of the eigenvalues, the more likely is a negative value;

and we can set an upper limit on the variance of the eigenvalues compatible with stabili .ty.

It could be shown that the variance of the eigenvalue of this community is equal to -_ij 2

plus the covariance of _ij _ji- This enables us to analyze the stability in terms of a kind of
ecological relation, the reason being that when we consider a pair of competitors the _ is a

positive and the 2 is positive and in general we would expect a positive covariance between them.

• _T_+_a pair _The more species i aifects j, the more likely i_ is .... j also ^_ .... _.

competitors on the other hand, the alpha of one ispositive and the alpha of the other is nega-

tive. Itwill be a negative covariance between them. This reduces the total variance and, in

fact, the totalvariance may become negative. When the variance of the eigenvalue is nega-

tive, this means there are imaginary terms and this, in turn, is indicative of cyclical condi-

tions in the community.

Finally, we can consider the evolution of this system. We begin by assuming that species

are invading a new area, an instance such as Krakatoa, and that there is no correlation among

the _'s except for the symmetric pairs _ij and _ji" On the other hand, the effect of each _ on
the survival of the species is proportional to its cofactor of the variance. This means that the

intensity of selection on the _ is proportional to its cofactor, which in turn means that eovari-

ance will appear between _'s and cofactors as the community matures.

We think this will give us some indication of the maturity of a community in subsequent

evolution; thus we are able to pass from the demographic equilibrium obtained from solving

these equations to the evolutionary equilibrium. We can show that in a competitive conununity

the optimum structure, which is also the direction of evolution, is one in which the covariant

terms vanish. This comes about when all the _'s become equal. That in turn can be inter-

preted as meaning it is advantageous for a species to spread the amount of competition over

many different species instead of only a few and that the stable conmmnities, the mature com-

munities, will have a species competing with one other species for food, a different one for

nesting site, another one for some other uc_w_. _,_o, _ ,,......_ _....j ...................

community, we are able to make a series of generalizations which lead to inequality predic-

tions between mature and immature conununities, between communities that have a complex
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trophic structure and communities that consist primarily of competing species on the same .
trophic level.

The fundamental hypothesis that has been guiding this research is that whereas specific

structures of organisms and specific physiological processes represent adaptations to specific

qualities of the environment, either physical or biotic, the structures of populations, the

amount of polymorphism, the mutation rate, and the amount of migration are adaptations to the

statistical structure of the environment in space and time. The optimum condition of a popula-

tion in terms of polymorphism and these other traits will depend on the variance of the environ-

ment in any one locality, the covariance between environments of successive types, the average

gradient from place to place, and characteristics of this sort; therefore, it is possible to de-

velop an integrated theory of adaptive systems.

All of this work, then, is taking place on the level of the population as a whole, of the

community as a whole, and for our purposes the gene enters into our considerations only as a

frequency or as an average adaptive value. In population genetics it does not matter what the

genes are made of, and nothing that molecular biology can discover at the present time will

have any bearing at all on the level of the population itself. However, there are a few points

of contact between the different levels, ana these represent a somewhat different orientation,

a somewhat different approach, to problems of population ecology. All the complex chemical

and physiological properties within the individual come up to thepopulation level as an average

viability effect. That does not mean we are indifferent to the biological underpinnings of these

systems. In fact, since we are concerned with evolution, the question arises, What can we

reasonably expect in terms of the mutation rate ? This depends on the relationship between

the physical nature of the genetic information and the physiological and developmental process-

es that a_re controlled by it. There are other areas of relationship between these different

levels as well. One point of view, a completely different approach from the one I have taken

so far, is held by Dr. Wesley, who is considering thermodynamic properties of the community

and studying energy relations. He believes apparently many of the dynamics of the population

can be determined, not in terms of the biological coefficients that we have identified but in

terms of the same physical concepts that can be used in nonliving systems.

In the work that Dr. Kerner is going to describe, there is a slightly different approach.

He is also working with a physical model except that, whereas Dr. VCesley is using the same

temperature or energy in physical and biological systems, I think Dr. Kerner is using analo-

gous systems. The temperature that appears in his description of population dynamics is not

the same that we have in a physical system. Rather, it is an analog playing the same role in

the equations which refer to fluctuations in the abundance of species. Therefore, the gap be-

tween the different levels is being bridged by isomorphic equations, equations having the same

form and in which there is a 1:1 correspondence between the terms on one level and those on
another.

I think perhaps this is also close to what Dr. Garfinkel will discuss, where the system of

equations as described by chemical relations between the cell are going to be applied also to

systems on an ecological level. I am not sure exactly in what way.

At this point, before I ask them to present their arguments, I think Mr. Leigh should

mention some things about the relationship between the levels.

ODUM: Could I interrupt to clarify a point? Were you saying, essentially, that as units are added

to make things more complex--as more species are added to systems, for example--great dis-

order is produced and, therefore, you find it impossible to analyze?

LEVINS: I did not say anything about disorder. I just said it gives us problems.

ODUM: That means disorder, does it not? If the problems cannot be solved, that means there is

great disorder. We all know that living systems, when they become more complex, actually

go in the other direction, toward becoming more orderly thermodynamically.
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LEVINS: My statement was not about living systems but about us--that there are problems we
cannot solve.

ODUM: You were also talking about populations that you feltcould not possibly be analyzed mathe-

matically because of the continuing addition of species. Later you seemed to refute this idea

by saying we only have to firstlump these new functions into a new term and then we can ana-

lyze it. Iwanted to get itclear that homeostasis does exist, does itnot, at all levels of or-

ganization. As we go from one level to another, processes become more, not less orderly.

LEVINS: I think that order in the system and ease of studying the system are two very different

things, and structure does not mean stability. We can have ecological communities which are

quite unstable; yet, we can extract a great deal of information from them.

ODUM: My point is that regulation of a different type exists at different levels, and this regulation

produces order of a type which makes itapplicable, then, to study or to put itinto mathemati-
cal form.

WESLEY: Itshould be easier to solve the problem, the more the species.

ODUM: The population is not necessarily more difficultto study than the cell. I would say it

might be easier. This is a false notion that adding units to the livingsystem makes itmore

difficult. This does not follow, does it?

LEVINS: Itbecomes more difficultifwe use the same tools as before.

ODUM: Yes, but we must use different tools and different conceptual components at different

levels of study.

Another way to study a population, which may be better, is to start at the other end of the

spectrum. In other words, start with the ecosystem in which the population is functioning. If

we are going to study mitoehondria, we start with the place inwhich itlives, the cell, and then

we come do._,_to the m itnehondria. Later we try to build one up from the macromoleeules.

Thus we can also approach populations by starting with the system in which itlives. This pro-

rides an approach which may be easier to handle than trying to start with the isolated individ-

ual, because populations are not assembled that way. They are assembled as part of a system

just as the mitochondria are assembled as part of the cell.

LEVINS: The fact is that historically biology has always started building on all floors at once.

ODUM: I believe we must look at each level as approachable directly, not necessarily through

long stair steps from other levels.

LEVINS: In fact, that is a statement of the problem and not the solution. The questions we want

to study are the laws that are operating on each level, and we are also interested in seeing

how the levels look together.

ODUM: That is right, but the horizontal rather than the vertical locking together of levels is a

better way to look at it.

LEIGH: I just wanted to make a few remarks about some of the interests and problems the molec-

ular biologists and the ecologist-evolutionary theorists might have in common. The first such

common interest has perhaps already been looked at. The evolutionary theorist would be very

interested in some sort of an understanding of the hot spot problem, some sort of understand-

ing of how the mutation rate can be altered at a given nucleotide by altering the nucleotide ar-

rangement in its neighborhood, i eLnlLu_u_,_ _**_ ....of th'_nnc,_{h-WiJ'xznf _-o_T'rsn_n_ nl]-

cleotides around a given point consistent with the degeneracy of the code in order to obtain an-

other gene putting out the same enzyme as the original one, but having a different mutation
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rate. The control of mutation rates is a matter of very great interest to the evolutionary "

theorist: here we have a case where a result obtained in one field can be directly applied to

another (ref. 77).
The second question is one of similar method, perhaps. Ecologists have long been inter-

ested in constructing energy-flow diagrams of a community, seeing what proportion of the en-

ergy flows through a given component of the community, and so forth. I wonder if the construc-
tion of such an energy-flow diagram for the cell might not be useful. For one thing, we might

argue that the energy-flow diagram of the cell would resemble closely the information-flow

diagram. Thus, if we could, for example, determine that most of the energy in the cell goes

into basic syntheses of amino acids, nucleotides, proteins, et cetera, and that none or very

little of it is directed into ordering these proteins into the characteristic form and structure

of the cell, then we might justifiably conclude that the steps requiring external regulation,

presumably in the form of direct transmission of information from the DNA, are those steps

leading to the synthesis of macromolecules and that natural selection has worked sufficiently

on the design of the macromolecules relevant to the structure of the cell so that the processes

arranging these molecules in their proper order are now autonomous ones taking place without

explicit interference from the DNA (this may not have been true, however, earlier in the his-

tory of life).
The last question I had in mind was one of common language, the existence of problems at

various levels which, prima facie, would seem dissimilar, but which in reality would require

a common language for solution. In arginine synthesis, if I recall correctly, there is a feed-

back inhibition which has a characteristic overshoot, so that the curve of concentration would

follow a damped oscillation with a period somewhat like 6 hours. If we have a number of feed-

back processes running simultaneously which may interact, we may sometimes obtain from

the interaction of all these oscillations a resultant rhythm which is more accurate than any of

its components would be in isolation. We thereby obtain a chemical clock, which may serve

to order in time the various processes which take place in the cell. These possibilities have

been adumbrated by those working on the clock problem.

The formalism required to attack this problem would be similar to that required to attack

certain problems in neurophysiology where the alpha rhythm of the brain, which has a certain

characteristic frequency, seems to serve as a gating mechanism to synchronize the effect on

a neuron of impulses reaching it at nearly the same time. Again, the function of the rhythm

would seem to be the organization of processes in time, and again, the rhythm has been as-

cribed to the interaction of a number of damped oscillations.

It has been pointed out by Pringle (ref. 78) that, from a purely formal point of view, these

problems bear a remarkable similarity to problems involving evolution in a species consist-

ing of a number of partially isolated subpopulations which interact with each other to some de-

gree but which are not entirely linked with each other.
Here we would have areas in three or four separate branches of biology seenxing to re-

quire a common language which, once put into decent mathematical form, might apply to other

problenm. The idea here is that one of our problems in theoretical biology is to create a com-

mon body of mathematical method, a body of mathematical method which might perhaps be

peculiar to the study of organized systems. Before at least a nucleus of such a body of mathe-

matics is developed, we in theoretical biology will be suffering under a great disadvantage.
At this time I would like to add some references in addition to Kimura (ref. 77) and

Pringle (re[. 78) which I believe to be of general significance. This list includes some of the

most beautiful papers I have ever read: they form a natural unit, a collective point of view

toward theoretical biology, and I have often wished they could be published together as such

in an inexpensive edition.
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For the mathematical theory of evolution in general, consult the following:

Fisher, R. A. : The Genetical Theory of Natural Selection. Clarendon Press (Oxford), 1930.
Wright, S.: Evolution in Mendelian Population. Vol. XVI of Genetics, 1931, pp. 97-159.

Some idea of the uses of energy flow diagrams in ecology, and also of the uses of the

community approach in ecology in general, is given in the following:

Hutchinson, G. E. : Homage to Santa Rosalia, or Why There Are So Many Kinds of Animals.

Vol. XCIH of American Naturalist, 1959, pp. 145-159.

MacArthur, R. H. : Fluctuations in Animal Populations and a Measure of Community Stability.
Vol. XXXV of Ecology, 1955, pp. 533-536.

For the possible significance of formalisms involving systems of loosely coupled nonlinear
oscillators, see the following:

Wiener, N. : Cybernetics. John Wiley & Sons and M. I. T. 1961.

Pittendrigh, C. S. : On Temporal Organization in Living Systems. Harvey Lectures, Series
56, 1961, pp. 93-125.

ATWOOD: Some other similarities between the interests of molecular biologists and evolutionists

can be mentioned. One concerns the rate of fixation of new mutations and the stability of the

base composition. In bacteria, the fixation of a new mutation is known as a population change-

over. It can be seen in populations maintained in the chemostat, for example, when the fre-

quency of some selectively neutral mutant is followed. Instead of increasing continuously by

mutation pressure, the frequency of such a mutant will periodically drop to a lower level,

from which it resumes its approach to mutational equilibrium. These shifts are the indicators

of population changeovers. At each changeover a selected mutation is fixed, and the popula-

tion passes through the very narrow bottleneck of one or a few cells in which the selected mu-

tation occurred. This is an occult bottleneck because the total population size does not change

mutants that have accumulated in the past, and these begin to accumulate again in the new se-

lected population. This process, which Ryan has called orthoselection, will continue indefi-

nitely unless a condition is reached where none of the possible mutations is selected; such a

condition seems rather unlikely. I should add that a theory of orthoselection for metazoans

has not yet been worked out.

LEVINS: You get this effect in parthenogenetic clones.

ATWOOD: Yes, and also to some extent in sexual organisms, since regions closely linked to a

selected mutation will go through a bottleneck when that mutation is fixed.

More recently there has been some interest inthe stabilityof base composition in bac-

teria. I will try to show how orthoselection is relevant to this problem. In bacteria, base

compositions of the DNA can be very different in differentgenera, in contrast to the situation

in metazoans where they tend to be more or less alikewithin a phylum. We can speculate on

the time that would be required for the base composition to diverge from that of a common

ancestor to the present state of variabilityamong bacteria. First, itmay be noted that the

base composition can change appreciably without a proportional change in the amino acid com-

position. This is made possible by the degeneracy of the code, whereby one amino acid is

represented by more than one tripletof bases (codon). Ithas been found that the overall

amino acid composition among bacteria does change significantlywith their base composition,

in principle, be shiftedtoward high or low A-T content by base-substitution mutations that do

not change the amino acid composition. Ifthe rates of mutation in the directions A-T _-, G-C
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are determined by the internal milieu, they may progress toward different equilibria in differ-.

ent organisms. The rates of approach toward such equilibria with substitution rates within the

range of specific locus mutation rates have been calculated. The base composition is an ex-

tremely stable character. However, under a continuous regime of orthoselection the base

composition may be more or less stable than expected, depending on the size of the genome

and the average selective differential between successive populations. The theory remains to

be formulated. The rate of changeover, as represented for example by the rate of peaking of

an unselected mutant in the chemostat, would give a minimal value for the rate of fixation of
mutations.

QUIMBY: I calculate those peaks to be once in every 300 minutes. Is that correct ?

ATWOOD: No, no! Of the order of i/i00 generations. The generation time may be from 30

minutes up.

QUIMBY: I am sorry, I was thinking of phage.

ATWOOD: Perhaps the growth rate has a theoretical limit.

CROW: Let me ask a question. The mutants being discussed are those that themselves change the

growth rate, or are they the mutants that happen to be in the same cell which has a change in

growth rate for some other reason?

ATWOOD: The minimum number fixed comprises the selected mutations, but coincident mutations

will also be fixed. Under constant conditions, the growth rate per se cannot remain the se-

lected feature indefinitely. I surmise that interactions between successive populations would

be the most important basis for orthoselection in the long run.

BAUTZ: This depends also on the mutation rate, which we do not know. In early times there may

have been a rapid rate, a much higher rate of mutation.

ATWOOD: Yes. Mistake mutations may have been more frequent when the polymerases were not

so highly evolved.

Another question (unrelated to the foregoing) arises from a comparison of the number of

cell lethals in higher organisms with the number of genes necessary for the minimal cell that

Dr. Morowitz outlined. In some organisms experiments are possible that distinguish between

lethal mutations and cell-lethal mutations. A zygote that is homozygous for a lethal mutation

will stop developing at some stage, but with a cell lethal the lethal phenotype is expressed at

the cell level; that is, cell lethals affect the maintenance of the cell itself, whereas zygote

lethals affect differentiation. Evidence suggests that the number of cell lethals is larger than

the number of genes required for the hypothetical minimal cell, whereas at first approxima-

tion it might be expected to be the same. Is that point clear ?

MOROWITZ: No.

ATWOOD: The requirements for a viable but nondifferentiating cell should be the polymerases,

translation system, structural macromglecules, and a fraction of the intermediary metabolism

that the environment cannot provide--in other words, requirements similar to those for the

minimal cell.

LEVINS: Once we have a nonmininml cell, is it not true that things become lethal ?

ATWOOD- New things become lethal.

LEVINS: And yet any gene that would suppress the head in the mamnml would certainly be lethal.

ATWOOD: A mutation precluding that form of differentiation would not necessarily preclude cell

viability and the capacity for indefinite replication.
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PITTENDRIGH:TheremaybeN stepsnecessaryto keepthe systemgoing;but if weevolvedthe
systemsufficiently, there maybeN plusX stepsofkilling the system.

ATWOOD:Yes. It seemsobviousthatthetotal numberof lethalswill increaseasthecomplexity
of theorganismincreases,butanincreasein cell lethalsis not entirelyobviousa priori; there
is roomherefor theoretical speculation.

GARFINKEL:I amgoingto discussthesimulationof ecologicalsystemsandthecomparisonof
simulatedecologicalsystemswith simulatedbiochemicalsystems. In doingtheecological
part of this work, I havehadtheadviceandencouragementof Dr. RobertMacArthur, the
mathematicalecologistat the Universityof Pennsylvaniawhowas invitedhere butcouldnot
come.

This discussionlogically breaksdowninto threeparts: Whatdowehaveto workwith?
Whatcanwedowith it? Andwhatresults haveweobtained?I believethat severalof my re-
prints weredistributedto theparticipants. Thefirst of these(ref. 79)describesthecomputer
routinethat wewereusingfor this work, whicheffectivelyis somethingthat enablesthe com-
puter to translate automaticallychemicalequationsinto differential equationsandthensolve
them. Almost all theuserhasto worry aboutis theorganizationof the systemandthenum-
bers to put into it; thecomputerwill proceedfrom there. This is nota completelyaccurate
description, but it is goodenough.

Thereare othermethodsavailablebeyondthe onedescribedin thatpaper, becausenot
everythingcanbedescribedin terms of classical chemicalkineticson theassumptionthat
everythingis free to diffuse. Weencounterbiochemicalsystemsthatare not free to diffuse.
(In fact, Dr. Greenhasdescribedthe mostimportantof themthis morning.) In order to deal
with thesewehaveprepareda somewhatdifferent typeof programthat allowsusto represent
individual moleculeswithin the memoryof thecomputerandto specifyhowtheyinteract both
with eachother andwith thingsthat are free to movearound(ref. 80).

In this typeof systemwecanset upanarray of statusnumbersandspecifythat themole-

whichin turn canreactwith anotherone. Wecanalsospecifythat this onereactwith the
moleculenextto that oneand, if wewant, alsowith the moleculenextto that one. Wecanalso
specifydifferent rates. In this anycomplexsetof interactionscanbecarried out.

Very recently ("recently" means the first useful output was obtained this week) another

program was prepared to do this type of work (it traces its ancestry to the programs used to

simulate steel mills) by Margaret Dayhoff, whom I think Dr. Klein is also interested in work-

ing with. This program allows a wide variety of events to be put in, but it is not specialized

enough to do enzyme kinetics or related things (ref. 81).

I should say a word about the economics of this problem. Margaret Dayhoff and I have

beth made estimates of the expense of simulating a PPLO cell with a computer in this way.

She came to the conclusion that we could about do it in real time; that is, have the computer

going as fast as the cell does, with a 7090. Being more experienced and more cynical, I think

it would take the largest and fastest computer now commercially available, the 6600. Thus,

in effect, we would need approximately $3,000,000 to $6,000,000 worth of hardware, which

would pretty well fill this rbom, to simulate the behavior of a cell that is just barely visible

under the microscope. But this is not as bad as it sounds because the cost in computer time

for doing the average useful experiment is something like $10 considering that it would be a

complicated experiment and more would be spent in preparing for it and interpreting it than in

doing the experiment itself, I would think this is reasonable.

that is very obedient and very ignorant. It does exactly what it is told to do. _f I may give a

few extreme examples, we could start writing an equation composed of the Gettysburg Address,



148 THEORETICALBIOLOGY

asoneof myprogramersoncedidwhenheneededa convenientseries of symbolicnames,anql
wecouldthenproceedto putnumbersinto it obtainedfrom thetelephonebook,as Dr. Klein
andI oncedidwhenwewere studyingtheeffectsof thenumericalvaluesonthestability of the
system,andthecomputerwill usuallygivesomekindof ananswer.

If awaycanbefoundto representanecologicalsystemin terms of differential equations
that canbewritten this way (andwecanwrite mostdifferential equationsthis way), that eco-
logicalsystemcanbesimulatedandsomethingdonewith it. Andthis is exactlywhatwehave
done.

Theworkwedid startedfrom the theoreticalworkof Lotka (ref. 82)andVolterra (ref.
83)whoeffectivelyassumedthatthe rate at whichtwo speciesA andB interact is givenby a
differential equationof thetype

dA
dt - - K(A)(B)

where (A) and (B) are the populations of A and B. This is the same differential equation that

describes chemical interactions.

Some people object to the use of this, particularly Ken Watt* who has just moved to the

University of California at Davis, and who undoubtedly will be doing ecological simulation

there. His objection is (in part) that this does not take proper account of the effect of popula-

tion size on growth rate. In particular Volterra (ref. 83) assumed that the rate at which spe-

cies A reproduces is proportional to the population of A. Watt feels this is true only in spe-

cial cases, and our experiments are in agreement with him; that is, it was quite difficult to

build anything approaching a stable ecological model that did not have some kind of regulation

on the growth of the various species.

It also turned out that this regulation was usually as close to the species in question as we

could possibly make it. In biochemists' terms, we had things at the level of product inhibi-

tions or at the next step after that while in many biochemical systems the feedback is over a

longer distance, so that we may very well have a large set of enzymes making a final product

which then inhibits the first enzyme. This we have not been able to simulate in ecological sys-

tems. Although we have not really worked sufficiently with complex enough systems to say it

is impossible, I do think it is improbable, and I can even offer a biochemical example to show

why.

The glycolytic pathway has the sort of structure where many different things are coming

in at the beginning and many different things are going back out for quite a while. Then there

is a long stretch further down where there are no branch points. The enzymes at the begin-

ning of the system are very highly regulated; in fact, phosphofructokinase, which is the third

enzyme in the system, has so many active enzyme inhibitors that it is effectively taking orders

from all but two of the other enzymes in the pathway. But there is a group of five enzymes

near the end which act almost as if they were a unit. It has been shown by Pette et al. (ref.

84) that in all tissues having active glycolytic systems these last few enzymes occur in con-

stant ratio to each other, and there are almost no inhibitors known for any of them. There

may be three inhibitors for the four or five enzymes in this portion of the pathway.

This is a straight pathway with no branches. We do not often find that in an ecological

system. It is very rare that a given insect, for example, is eaten by only one other insect

and eats only one other insect. To be effective, then, the feedback loops would have to be

shorter than they need be in biochemical systems. This was the first kind of finding we got,

and this is a contrast between ecological and biochemical systems.

*K. E.F. Watt, personal communication.
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In thecourseof experimentingwithecologicalsystems,wefoundthat theydohaveone
propertyin commonwithbiochemicalsystems;namely,theyare notexcessivelysensitiveto
theexactnumbersof therates that are putin. If wechangetherate constantin a biochemical
systemslightly, it will act almostas it didbefore. If wedothis in anecologicalsystem, the
sameis truewith the oneexceptionwheretherearetwo competingspeciesandoneis driven
to extinction;changinga rate constantslightly maychangethe identifyof the loser.

Wealsotried in a moderatelycomplexsystem(themostcomplexwecouldsqueezeinto
thecomputerwewereworkingwith) to seewhetherthenumberof interactionshadanygreat
effectonthe stability andbehaviorof thesystem. Againthis wasnotcarried as far aswe
wouldlike, butwedid find thatwecouldthrowout afair numberof weakinteractions, the
sort of thingwhereonespecieseatsanotherwhichis not its primary food, withoutchanging
the systemvery much. Ontheotherhand,oneliminatingcertain of theseweakinteractions,
wemovedto instability, whichmeanseither wildly growingfluctuationsor somethinggoingto
extinction.

In abiochemicalsystemI shouldthink that if wecouldeliminatea fewof thesethingswith
moderatedamage,perhapseliminatingmorewouldcausemoreharmful effects. I recall that
Dr. Klein andthelate HenryQuastlerwere doingworkof this typewith ananalogcomputerat
Brookhaven.* Whenwe startedout, we invariablyobtainedresultswherethingsdid notbe-
comeextinct in a hurry but insteadwentthroughcycles, with the cyclesgettingwider with
time. This suggestedthat our ecologicalmodelshadclockproperties, andI amsure it turns
out that theydo. Sodothereal systems,andsomeare verywell known. In particular, our
attentionwasfocusedontherabbit-lynx cyclein Canada(ref. 86)whichhasa cyclelengthof
about9or 10years. This is notvery different from anothernaturallyoccurringcycle, the so-
calledsun-spotcyclewhichgivesweatherdisturbancesovera periodof 11andsomeoddyears.

In otherwords, thereare twodistinct cyclesof slightly differing lengths. Thequestion
immediatelyoccurredto us, Are theseclockpropertiesstrongenoughto resist beingdragged
alongwith a strongercycleof a slightly differentwavelength? Wewereableto try this out

equationof the typegrassyields moregrass, weputin a seasonalfactor (which we just called

SES); and since the amplitude of that sine curve was not very strong, this system behaved

much as it did before. As we made the amplitude stronger, species began to decrease in num-

ber or even in the extreme case to go extinct, but we were unable to change the cycle length of

the ecological system very much. Thus, even a system as simple as that does have a clock

property. This is a system involving only six species: three plants, two herbivores and one

carnivore--or more accurately, one omnivore because we could not make a pure carnivore

(ref. 86).

PITTENDRIGH: By what great piece of luck did your choice of parameters give you the 8 years?

Did you adjust these to get these precise answers ?

GARFINKEL: Oh, no. I am not saying that this is a real system which matches the rabbit-lynx

system. I am just saying that it has a periodicity, and a different periodicity will not coerce

the first one. There has been much discussion on biological clocks within individual orga-

nisms, but it is very rare to find this at the biochemical level.

I should mention also that in building this system we assumed that the animals can exist

in two nutritional states which are conveniently described as fed and starved and that a fed

animal will become a starved one if it does not get to eat and a starved one will die of starva-

tion if it does not get to eat. We have built several models without this assumption (i. e., with

*H. Morowitz and H. Quastler, personal communication.
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onlyonenutritional state);thusfar, grossly, theyhavelookedlike the modelswith theassump-
tion, but theyhavein generalbeenmorestable.

WedidobtainonefindingwhichI amafraid will beof interest to NASA,probablyin a
rather painfulway. Wehavebeendiscussingthusfar thequestionof whethera small cell is
lesscomplicatedthana large one, thepresentlyindicatedanswerbeingthat a large cell con-
tainsmorerepetitionsof thesamekindof unit. Wetried this kindof experimentwith our eco-
logical system. In order to dothat, wehadto definethe total massof protoplasmin thesys-
tem. If we do not say anything about it, we are presumably looking at a small piece of an in-

definitely large system. What we did was to assign a value for the amount of protoplasm of each

species and write our equations in such a way that the amount of protoplasm remained constant.

If the size of the ecological system was large, we found that the system behaved the same

way as it did when the size was infinite. But as we decreased the size of the system by de-

creasing the amount of protoplasm, the species started to be squeezed out from the highest

trophic level on down; that is, the carnivore became extinct first and the herbivores started

heading toward extinction also as we decreased the protoplasm further.
This is in accordance with what can be observed of real ecological systems. If we look at

an isolated small system, a small island, it may have only plants in it and not much in the way

of herbivores; whereas larger systems have herbivores, still larger ones have first-order

carnivores, and a continent is needed to support a second-order predator.

Unfortunately, we may have to face the situation of a spacecraft as an isolated ecosystem,

and in these terms it is a very small one. The chance of having an ecosystem in a spacecraft

large enough to contain an appreciable number of men as first-order predators, which is prob-

ably what we usually average out to be, is not very good for the near future. It would be a

gigantic task, and I hope we can find some way for astronauts to avoid having to eat algae

whenever out in space. It would be rough on them.

KERNER: I was a little confused on one point when you were comparing biochemical kinetic sys-

tems and ecological systems. Do the biochemical systems being studied have the property of

being chemically kinetically closed and therefore reaching a final equilibrium point, or were

they open and therefore oscillatory indefinitely ?

GARFINKEL: No, they were closed. We have rarely taken them to equilibrium. It has usually

been to a steady state, but there is another point that I forgot to mention. As I said, the eco-

logical systems have clock properties, which are difficult to eliminate. The biochemical sys-

tems do not have clock properties, although it is known that some biochemical systems must

have them. I suspect that by juggling with the rate constants we could get the glycolytic sys-

tem to show clock behavior, at least for a short time.

PITTENDRIGH: I wonder if you would go back to this point. You made the interesting statement

that the frequency of one of the systems you described was very insensitive to change. Change

of what? I missed this.

LEVINS: The frequency of his predation from the outside.

PITTENDRIGH: What was the frequency of the act of perturbation from the outside relative to the

spontaneous frequency ?

GARFINKEL: About twice as long.

PITTENDRIGH: What about perturbations that come closer to the natural freque.ncy systems ?

GARFINKEL: This we did not follow up. At the time the experiment cost us about $50 each. We

can dream them up with the greatest of ease, but to carry them out is a strain on the budget.

I hope we will be able to carry this further.
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ODUM: I thinkweare doingwhatwedid this morning. Weare againdiscussingresearchthat is
interestingto individuals. To mywayof thinking, in thetheoreticalapproachweshouldask
not howecologicallevels are thesameas molecularlevels;wehavealreadycovereda nice
list of thosethings. Nowthequestionis, Are thereanywaysor anyprinciplesor theoretical
considerationsin whichecologicallevels aredifferent? Youhavementionedone--clockproper-
ties presentat this level andnotat themolecularlevel.

GARFINKEL:I mentionedtwo. Theother is the effectof sizeoncomplexity.

ODUM: Weshouldmakelists of thesepropertiesthat aredifferentor additional. Ourpurpose,
asI seeit, is to find outwhatis newor whatis differentat ecologicallevels. Otherwise,we
feedbackandtalk aboutDNAsomen_re. Wewouldonly besayingthat nucleciacidsare the
sameat bothcell andecosystemlevels, whichweall know. Butthequestionis, Whatis now
uniqueor differentaboutpopulations,communitiesandecosystems?Whatelsecanwenow
list besidesthe clockpropertieswhichhaveto bestudiedat ecologicallevels andcannotbe
studiedat the molecularlevel? In otherwords,wecansaytheproperstudyof ecological
levels is ecologicallevels, andnot cells.

GARFINKEL:I cansuggestathird one--theeffectof a lag in reproductiononstability. It hasbeen
shownby someAustralianworkerswithpencil andpapermethods{ref. 87)that a delayof off-
spring comingin anecologicalsystemwill makeit unstable,andapparentlythe longerthe
delaythegreater the instability. Whenwe simulatedthis in the simplestpossibleway--namely,
that A yieldsA immatureandthenA immaturegrowsupto A again--wefoundthatthe slower
this processis, themoreunstablethesystem.

Wethentried thereverse experiment. Supposethat A immature, eventhoughit takesits
time aboutbecomingA, affectsthepropertiesof thesystembyvirtue of its beingthere (this
is reasonablytrue of mammals,for example,wheretheparentsfeedtheyoung};wefoundthat
this couldindeedexercisea stabilizingeffect.

...... _1_lphlc_ohomi_al situation.i do no£ know of any _ .... t, .............

LEVINS: We will now adjourn for dinner and reconvene at 8"-00 p.m. In parting, I will just suggest

that the time lag in a biochemical system may be sufficient to delay diffusion.

GARFINKEL: It can but I have never heard of it causing instability by so doing. As a matter of

fact, another paper (ref. 88) of the two that I distributed is on exactly this subject. It shows

what happens when a couple of reactants are diffusing through a heterogeneous field of mito-

chondria and the resulting changes that this causes, but I would not call that instability. It is

only a second-order difference.

I would like to say a few words more on what can be done in population ecology with simu-

lation techniques. We can simulate a system that is much too complex to be handled analyti-

cally. In particular, we can handle things like different genotypes in the same population be-

cause we can perfectly well compare two subspecies, A and A* for example, which differ at

some gene and as a result have different properties; we can even mate the two and obtain hy-

brids and follow their behavior.

If desired, we can study migration between one region and another by just calling the ani-

mals in the two regions different names. We can vary the environment, and we can vary it

randomly because, as I said, these rate constants are not really constant; if we want to put a

random variation on them, this is not at all difficult. I think that a few more of the problems

Dr. Lexdns has proposed can be dealt with in this way. I an] not saying this is easy to do.

h_vitably, a pcrson tryip_ to dr_oxperiments of this sort will make mistakes in particulars
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andit will beexpensive,but it convertsthingsfrom anear impossibility into somethingwhich •
is just difficult andperhapsnasty, andthat appliesto so muchof whatwedo.*

(Theconferencerecessedat 5:20p.m. )

Theconferencereconvenedat 8:10p.m. with Dr. JamesF. Danielli, Chairman,
presiding.

LEVINS: BeforeDr. Kerner's presentation,I wouldlike to focusyour attentionespeciallyonthe
alternativemodelsfor approachingthe samekind of system,whichare anarray of different
specieslinkedtogether. Notethat Dr. Kerner, in speakingasa physicist, is makingmore
preciseassumptionsconcerningsomeof theparametersandobtainingmorepreciseresults
numerically, at the expenseof departingsomewhatfrom thenatural situation. Therefore,we
haveherea wholespectrumof precisionof error comingin from the model,as opposedto
error comingin from thelackof regularity as in thepresentationI gavebefore.

KERNER:I wouldlike to beginby sayingaword aboutmodels. I think thattheobjectof greatest
importancein all theoreticalphysicsmightbeanobjectthat doesnotexist at all in nature.
This is thehumbleharmonicoscillator. Althoughnoharmonicoscillator exists in nature, in
the earlypart of this centuryI__rentz**madeanatom--avery crudeone, in fact just anoscil-
lator-and it wasableto predict quiteproperlyandin abasicallycorrect way from theempir-
ical pointof viewwhatwasknownto be true of optical dispersionfor agasof atoms. In fact,
theharmonicoscillator wastheinstrumentbywhichPlanckessentiallyinventedthebasisof
quantummechanics,andit still standsasa principal tool bywhichwecanuncoversomeof
the essentialmathematicalpointsof all of quantumtheoryandof all of field theory. Yet, as
I said, theharmonicoscillator doesnotexist in nature.

ThusI wouldlike to consideranotherkindof oscillator, onewhichhasalreadybeenmen-
tioned. I wouldjust like to attemptto drawa fewparallels betweenwhatmaybedonewith
this typeof oscillator andwhatis donewith oscillators in physics. I will bequite frank and
sayat theoutsetthatthis is probablynot agoodidea. Whatis neededis somethinkingde
novoandthis is thinking "deoldo," unfortunately;nonetheless,it maybeat leastentertaining
to seewhatmightbedone.

Also, there is onetool of methodologywhichhasprovenitself very usefulin physics, and
I wouldlike to showby anexamplethatthis sametool maybeof interest in biologicalprob-
lems. In this connection,I shouldalsolike to mentionwhatmightbeconsidereda distinct
prejudicein favor of theorizingfrom thetopdowninsteadof from the bottomup.

In acertain senseecologyis at thetopof the biologicalcomplexities;yet, remarkably
enough,theoreticallyit is perhapstheoldestpart of biology,andsomeof theessentialas-
pectsof thetheoryof ecologydatebackto BenjaminFranklinandprobablymuchearlier. We
canalsoaskabouttheorizingfrom thetop, that wetry to theorizefrom thetopdownasfar as
maybedonewhileat thesametime trying to theorizefrom thebottomup. Thedifficulty with
theorizingfrom the bottomup is thatit is very difficult, as I amsureweare all aware;more-
over, it maynotbefeasibleonprinciple to carry it very far.

Therefore,let mebeginwith thebiologicaloscillator, theonethat hasbeenmentioned
already, the Volterra oscillator, andI will try to avoidwriting anymathematicsbecausethat

*Mostof theworkheredescribedwascarried outduring thetenureof a ResearchCareer
DevelopmentAwardfrom theNationalInstitutes of Health, andvariously supportedby the
NationalInstitutesof HealthandtheOfficeof NavalResearch.

**All referencesnotedby Dr. Kerner appearin AnnualsN. Y. Acad. Sci., vol. 96,
1962,pp. 975-984.
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is not thepoint. Let us just consideraparticular
predator-preysituation,the classiconewhich is
understoodin somerespectsexperimentallybeing
parameciumin culturein a solutionof sugarwhich
also containsyeast--avery famousmicrocosmthat
wasstudiedby Gausein 1930. Whatonefindsis
this: Thepredator, of course,will start eatingthe
preyandwill soonovereat;thenthepreywill beso
fewin numberthatthepredatorwill nothave
enoughto eatandsowill beginto decline. The
prey nowhasachanceto increaseagain;thuswe
havea cyclical process.

Thesituationis idealizedandI usetheword
"idealized"andhopethat it will betakenin thecon-
text of the idealizationsmadein physics--thisis
idealizedin theVolterra cyclebyplotting• let us
say• Ni, whichis thepopulationof onespecies•
andN2,that of theother. Wehavea genuinely
periodicbehavior(fig. 26)drawnherein somelop-
sidedwayto indicatethatit is nota simpleoscilla-
tion. Thequestionis, Sowhat? Herewebeginto

N
2

N
1

Figure 26. --Periodic behavior of one

species, N_, plotted against another,

S2.

entertain the question of thinking more broadly about ecological questions. One which Dr.

Levins mentioned is this: Suppose that even on a very simplified theory of what ecology is all

about--and without apologizing for the theory, just taking it as something to think about, to

play with--we may still ask- Given a large number of interacting populations• what may we
discover ?

Dr. Levins pointed out the very important fact that this problem is really very difficult
_-1_-_,11,, rl_1_.... _,1_ _ h_,,0 op_ _ _l_rly _r_Hnn._--_hi.q Vnlt_rr_ n,qr.i11_on is

not just a linear oscillation. There is no solution in closed form in terms of simple functions.

How can we hope to understand, let us say, 108 or 101° species ? Let us think about the whole

biosphere. As long as we are speculating• let us speculate rather broadly. The answer is

that we may indeed to so, at least within the context of the Volterra theory• and I think this is

a commentary not so much on the Volterra theory but on the method by which we may think
about complicated systems.

Let me illustrate the point further in physics before making it with regard to this idealized

model of ecology. I think that we know more about 1023 atoms in a bottle of gas than we know

about the Moon-Earth-Sire system. Why is that? It is because we have a new way of both

measuring and thinking about 1023 atoms, and that way has come to be called thermodynamics
or• more properly, statistical mechanics.

If we introduce a new concept, temperature, that is very interesting. Temperature does

not tell us what any one single molecule is doing. It does not tell what the collisions are like•

at least not in any detail. It is a physical comment on the structure of the entire system.

Therefore, I will just naively ask this--and this is perhaps trying to pour new wine into an old

bottle and may not be a good idea except to illustrate a point of methodology--Is there an ana-

log for temperature for the ecosystem? Let us take 2n species in interaction, population num-

bers N1, N2. . .N2n. The number of species Iwill take, peculiarly• to be even. There is a

difference between an even number and an odd number. I am sorry--this may or may not have

an_T rr .... _.... Qn_cr T r'ln "nnt lvnnw--l_,t sn even svstem has essentially what might be called

a conservative property or a kind of cyclical property that the elementary two-species system
has also.
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What can be said about the Volterra dynamics is this: there is something that is con-

served, even though the motion be very complicated. I will write down briefly what the some-

thing is without explaining exactly what lies in back of it, and then we will continue from there.

What is conserved is this:

Ni
G = _qi_i(e vi - vi) where v i = log

qi

Here Bi is a species-specific parameter, and qi is a special population level of the i'th species
at which the populations can all be static. The q values are independent of the way the system

is started up. The v stands for the logarithm--of all things--the logarithm of the population

number divided by this very particular q value in which a steady state is possible. This quan-

tity is constant. It is just a mathematical property of the Volterra system.

The reason that I represented the constant (which I will call G) in this particular way is

this: If we study the system in this N1 - N2 plane, we may learn some things which Will be

more or less instructive. We can learn much more, interestingly enough, by studying the

variable v instead of the variable N. Why is this ? Let us imagine a space of a large number

of variables, v1, v2, v3 and so on; this is some kind of Cartesian space to help us think about

the progression of the whole motion of the system. Then we take one point where the unfolding

of the motion corresponds to the motion of this point. We study the motion in this v-configura-

tion space instead of the N-space because if we take many points so that we make a whole fluid,

the volume of the fluid is conserved. The fluid in this v-space is incompressible. In this N-

space it is not. Thus, there is another conservation law. This is the conservation of volume

in v-space; techrAcally, the physicists call this a phase space where volume is conserved in

such a way as this.
Now to the Gibbs theory. What we call statistical mechanics, first of all, really has noth-

ing to do with mechanics. The Gibbs theory is a statistical theory of differential equations,

and it is exactly at that point that it may possibly have some interest and use for biological

problems. The three things needed to engage in statistical mechanics by the Gibbs theory are

the following: (1) We must have this conservation law of volume in v-space, IAouville's theo-

rem; (2) We must know something--for example, that G is constant; (3) We must be very, very

ignorant otherwise. We must not know too much. Interestingly at this point we have a kind of

embarrassment in biology. I have an awful feeling that we know too much and are trying to

nmke too much use of what we know.

ATWOOD: In order to understand what is being conserved, may I ask what would be the conse-

quence if either of the conservation laws were violated ?

KERNER: The consequence for what or whom?

ATWOOD: For us.

KERNER: We would not be able to engage in Gibbsian statistical mechanics. We _vould not be able

to analyze, to introduce a concept for, this complicated system analogous to temperature.

The point is that we have to fix things up. If we begin with some very complicated differential

equations, then when we use the variable N and consider the fluid in N space, we do not have

the Liouville theory--we do not have the conservation of this fluid volume in phase space. In

practice, the idea of considering ma_y points means that, in the absence of real knowledge

about what the system is doing beyond this little bit, we say the system could have been started

up in any one of a number of ways. In other words, we make a large number of mental copies

of the one system that is going on, subject to the one restriction that G is constant. The sys-
tem is extremely complicated; we do not want to get in the bind of saying that each of 1023
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variablescanbespecifiedinitially. Wewouldnot haveenoughpaperandink in theentire uni-
verseto evenwrite downsuchinitial data.

ENGELBERG:Dr. Kerner, canyougiveanysimplebiologicalsignificancefor theG that is
conserved?

KERNER:No, I amafraid I cannot.

ENGELBERG:It musthavesomerelation to thevariablesin thebasicequations. In otherwords,
whatis invariantin the initial equationssuchthat whentransformedintophasespaceit will
yield aninvariant G?

KERNER:It is somethingnot immediatelyapparent. Theconservationof Gis intrinsic in the
Volterra equationsafter a reduction.

POLLARD: Is it not fundamentallytrue thattheprobabilityhasto beone?
KERNER:Theexistenceof G?

POLLARD: Doesit not meanthewholethinghas to betheresomewhere?

KERNER:Notexactly. This is onlya statementwhichI wouldlike to sayis crudelyanalogousto
the statementof energyconservationin physics. Eventhoughwedonotknowwhata large
numberof particles are doingundercertain generalhypotheses,weknowthattheenergyis
conservedandwecanwrite downthe energy,andthesituationis similar here. This thing,G
asdescribed,is conserved.

ATWOOI_.Couldyoutell us in somewhatmoreverbal form whatis conserved?

LEVINS: Whatwill makeGlarger ?

KERNER:Let us write this downin theoriginal language.Wewill write Gthis way:

Ni N__ii
qiBi_ii - logqi

ATWOOD:Whatis N?

KERNER.N is theoriginal populationnumbermeasuredin units of q, whichrepresentsa point.
Thevalueof q for eachof thespeciesrepresentsa valuewhich, if attainedsimultaneouslyfor
all the species,will meanthat thesespeciesdid notfluctuateat all but thattheyhavecertain
constantvalues.

LEIGH: Wouldit be illegal to introduceat this pointthefact thatweprovethat qwouldalsorepre-
senttheaveragevalueof thepopulationsize for thespeciesin questionovera longperiodof
time?

KERNER-Thatwouldbefine, butyoustolemy thunder. Thatis somethingthat remainsto be
proven.

LEIGH. I guessit remainsas is. If it is convenientto youto disregardit, goahead.

KERNER:Let us doawaywith thethunder. Theunit q hasthefollowingsignificance. Let metry
to draw somepictures. I donotwantto becomeinvolvedin a lot of formal details, butwill
simply schematizewhattheprinciple is. Supposewehada complicatedVolterra systemand
thenwewere clever enoughto assaythe populationof onespecies,_ay_u......,.,, as a _.1_÷_............

of time; under the hypothesis that the system is indeed complicated, we find a very complicated
behavior.
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Figure 27. --Assay of the population of one species as a

function of time.

If we look at this (fig. 27) as being a single segment of a very complicated system we say,

"Forget it. This is noise. " But that is the point--it is noise. But we want to understand

something about what the noise tells us in the same sense that we want to understand what the

noise is that desdribes the trajectory of a Brownian particle. It tells us a very great deal.

For example, it is a temperature indicator. We can understand what the temperature of a

physical system is by looking at the Brownian trajectory.

The very complicated workings of the large systems are reflected in the statistical prop-

erties of this time sequence, and the whole essence of statistical mechanics is not to make

statements about what any single variable is doing but only statements about what is happening

in the mean over long periods of time. For example, what is the average population level ?

What is the mean distance between where this curve hits this horizontal line ? How big are

these upward peaks in the mean and these lower peaks in the mean?

These are the questions that statistical mechanics has the power to answer. Insofar as

we have very complicated systems to observe in biology, it may be that this is a type of ques-

tion which we shall be entertaining. And it may be that we should be entertaining a type of

analysis of the statistical behavior of one variable in time.

LEVINS: Considering the past and present history of biology, if this type of analysis is correct and
we start playing around with G, in 50 years from now we will be tossing G around, the question

of the size G, in the same way we here are talking about the operon or any of the other abstrac-

tions. It is not necessarily any more abstract, but less familiar; therefore, we do not have

any intuitive feeling for it yet.

KERNER: If we look back in the history of physics, we will see that in about the 17th and 18th cen-

turies people did not understand what energy was. They were all involved in the difference be-
tween MV and 1/2 MV 2.

ATWOOD. They had a value judgment that energy is good and matter is bad.

KERNER: So be it. The point is, Why are we so happy with energy? We have become conditioned;
we have learned it has a valuable property, that it is conserved. That is why it is so valuable,

among other reasons. Thus, I think Dr. Levins' point is very good. I cannot say any more

than is here. This is what it is. To ask me for something more is what I cannot say.

LEIGH: I think I may be able to explain some aspects of that G. It has no biological significance

as yet, but there are two things about it which might be helpful. We start with a set of fairly
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• complicated differential equations. Written in the most complicated possible form, they

appear as

n
dvi _ bG

ta_-- _' aiv_- r
r=l

The G is that G which everybody distrusts and hates so much. In general, we are interested

only in the statistical properties of the solutions to this equation. From the mathematics of

the problem it so happens that the only way we can get at this is by averaging in some sense

over the set of all possible v i consistent with a given value of G.

ATWOOD: Will you redefine, please, the symbolic representation?

LEIGH: In the equation v i = log Ni/qi, where N i is the population size of species i and qi is the
average over a long period of time of the population size of species i. This last is a theorem

which has to be proved, and I am assuming it beforehand for I will not have time to prove it.

The assumptions concerning the meaning of the ai's appear most blatantly when we write

the Volterra equations in terms of the masses of the species involved. (Here X i is the mass

of species i. )

r

dXi = ei Xi + E
dt

i=1
air XiXr

The rate of change of species i is assumed equal to eiX i, where e i would be the logarithmic

rate of increase of species i, if everything else were moved away (thus e i would be negative

for carnivores), plus a term airXiX r summed over r, representing the effect of the other spe-
cies of the community on the rate of change of species i. We hav_ assuraed ...._ ,_^_,__^r_^_ v,_

species r on species i is proportional to the number of meetings between the two and that, just

as in a gas, the number of meetings between the two is proportional to the product of their

population sizes. Worst of all we assume, quite without shame, that the air'S form a skew-

symmetric matrix air = -ari , which corresponds to the biological assumption that when one
animal eats another the total weight of the prey is converted into weight of the predator, which

of course is quite wrong. I will shortly explain how we can hope to use this assumption and

still obtain meaningful results: things are not quite as bad as they may look.

We get our equation in G from the Volterra equations by a change of variables. From

this equation the corresponding expression for G is constant in time. The requirement that G

be constant comes in when we want to evaluate the probability, for example, that v i is less

than some fixed number. To do this we must consider all possible values of v consistent with

a given fixed value of G. If we try to average over the entire phase space, our integrals would

not converge, and we would not obtain any answers; whereas, if we average over a "shell of

constant G," we can get an answer that seems to make some sense. This G is thus a mathe-

matical necessity. As far as I know, it has no particular biological significance; there is no

justification for its conservation other than the fact that it has to be invoked in order to prose-

cute this purely mathematical method of analyzing complex systems.

ENGELBERG: Might it not be better just to take a derivative of v i ? Then on the left-hand side we

--_'_d havc (!/.X._d.X!/_,a_, wh':ch is merely the specific growth rate--that is, dN/dt divided by N

rather than dN/dt.

LEIGH: In other words, you want me to write this equation in terms of d log Xi/d ?
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ENGELBERG:Write it in terms of the N's insteadof thev's, becauseit is difficult to keepvisu- •
alizingwhatthev's are.

LEIGH: Thereasonfor changingvariablesfrom N's or X's to v's is that by doingsowehavetrans-
formedour equationintoa form subjectto a methodof analysisof fairly greatpower--amethod
which,appliedto thesystemof equations

dyi i/2
= _ aisY s E _ Zdt = ais Yk2

s=l s=! ' lr=]

yields the shortest proof I know of the fact that a superposition of a large number of sinusoidal

vibrations is Gaussianly distributed over time. The power of this method, incidentally, rests

in the fact that it is concerned only with the statistical properties of the solutions of the sys-

tems of equations to which it is applied, and the method becomes useful only as the number of

equations involved becomes large. But all this does not alter the fact that the equation closest

to the biological meaning of the situation is that involving the mass of species i:

dXi
dt - ei Xi - _ ais Xi Xs

S

Now I will justify the assumption of the skew-symmetry of the ais. The remark I wanted

to make was that in statistical physics we recover essentially the same results if we assume a

conservative system free of friction and completely isolated from its environment as we do if

we assume that the particles are subject not only to a friction but also to a random series of

"environmental shocks, " as in the Langevin equation

dv
- - kv+ F'

dt

where v is velocity of the Brownian particle, k is a coefficient of friction, and F' is sort of a
random force term.

The assumption that ais = -asi means that the system of equations is conservative in some

sense (in particular, this assumption enables G to be conserved). If we alter the assumptions

about the ais in a biologically reasonable manner (such an alteration would involve setting aii
to be strictly less than zero, which represents the harmiul effects on a given individual due to

crowding by members of one's own species), we find that G generally tends to decrease over

the course of time, the system of equations becomes dissipative, and, appropriately in this

case, population fluctuations tend to damp out over the course of time. The analogy with sta-

tistical physics leads us to hope that adding an appropriate force term corresponding to envi-

ronmental fluctuations to our otherwise more correct dissipative equations leads us to results

similar to those of the "statistical" theory of our original conservative equations. In this

view, the Volterra equations are in the end devoid of any biological significance, but to some

extent they produce the same answers as equations which may mean something and, what is

important, may be easier to work with than the more meaningful equations.

HOFFMAN: I think I might have missed the explanation for wanting a minimum of v. Did you say
there was a minimum of the v's?

LEIGH: A minimum of v's?

HOFFMAN: You did not say that?
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LEIGH: No.

HOFFMAN: In the Volterra equation that you wrote out, the G's are constant; right?

LEIGH: I misunderstood the question. The point is that G is independent of time, but this does

not preclude its depending on the v's.

HOFFMAN: I thought you said--

LEIGH: I think at one point this may have been in. I wanted to evaluate the probability, say, that

v i was less than some fixed number. Was that the point ?

HOFFMAN: Yes, I see.

LEIGH: In other words, this was something we wanted to evaluate.

KERNER: Two things are conserved. One is G, which we should think of roughly by physical

analogy as the energy. It is the ecological analog of energy. The other is volume in phase

space. This is a purely geometrical object that is also conserved.

MANIIA)FF: Is G a function of all the v's and of t?

KERNER: The v's depend on time but G does not.

MANILOFF: When written as a constant, does that mean it is a constant with respect to t?

KERNER: That is correct.

MANILOFF: But not with respect to v ?

KERNER: It is a function of the v's. The point is that no matter how the v's change in time G has

to remain fixed, just as when the velocities of a whole group of particles change the sum of

kinetic and potential energy does not change, even though the velocities are all changing. Sim-

ilarly the Volterra v's are all changing, but this quantity G is not. It is constant in time.

POLLARD: Mr. Chairman, may I remind you of Gerald Zacharias' dictum that if one knows what

he is talking about we can explain it to others. Could I suggest that we know what these things

are about here ? At the present time, I think this is simply verbiage. It is formal and nice,

but how does it relate to reality ?

LEIGH: One theorem of importance that emerges from the theory is the following: If we mea-

sure the total interaction between the species of a community by ZI aisl, then in some sense

the stability of the community is maximized for a given degree of interaction by setting all the
laisl equal. In particular, setting the laisl equal to each other reduces the frequency of pop-

ulation explosions and population crashes, and it also reduces the chance of a serious perturba-

tion in the numbers of one species causing a dangerous low in the numbers of another.

This theorem is simply the ecologists' law that the stability of a community increases

with increase in the number of links in its food web. The molecular biologist knows this theo-

rem also, for he has seen that the multiplication of feedback loops, in the form of feedback

inhibitions and induction-repression systems, increases the stability of his bacterial systems.
Some idea of this result's importance to the field ecologist can be gained from MacArthur

(ref. 89) and Hutchinson (ref. 90).

Other uses lie in the direction of probability distributions for population sizes for the

same species at many times and, hopefully with a little elaboration, for many species at the

same time. All this is of great interest to the ecologist, for he has some empirical data on

these questions he would like to understand.

WESLEY: I like Dr. Kerner's theory.
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KERNER:Dr. Pollard, mayI askyouif youwouldacceptthepicture of anatomas beinga little
springwith anelectronononeendof it anda protononthe otherend?

POLLARD:This hasnothingto dowith atoms. This hasto dowith populations.

KERNER:This hasagreatpertinencyfor whatwedowith atoms. In bothcaseswearemaking
models.

POLLARD: What I am concerned with is wherein lies the significance of the Liouville (L1) system.

This I think is obscure. Everything else is all right.

KERNER: I think we were sidetracked, and your point is important. You are asking what is behind
this L1 theorem.

POLLARD: Why is there no accumulation of points in this space ?

KERNER: The idea of Gibbs was that if we look at the cloud of points, coming back to the main

theme now, and provided that the cloud of points has a conserved volume, we have a tool

whereby we could associate a given volume in phase space with a probability for finding a point

in phase space. In order to conserve probability we must have a conserved volume or else the

idea of probability is completely lost. Thus the point of IAouville's theorem (and this is quite

crucial to anything having to do with statistical mechanics) is that it gives us a way for associ-

ating volumes in space, in phase space, with probabilities for finding the system in that par-
ticular volume.

POLLARD: How different is that in an application to biology ?

KERNER: That I do not know. At the moment I only know that there is one perhaps interesting

system of equations in ecology for which it is true that, provided we work in this space, there

is a Liouville theorem. The space is really quite important. We do this by habit in physics

now. We work in momentum and coordinate space. Why momentum and coordinate space of

all things ? Why not just in some velocity and position space ? The reason is that we have a

Liouville theorem in one but not in the other. This is why canonical variables are so canonical.

LANGELAND: Are you able to define Hamiltonian equations in this system?

KERNER: Yes.

LANGELAND: To me, the theorem is intimately connected with the Hamiltonian equation.

KERNER: This is an important technical point, which I would like to come to in a moment. I

think I am running out of time.

ENGELBERG: One more question on your last point, Dr. Kerner. I believe that in statistical me-

chanics one of the advantages of going to phase space and using canonically conjugate variables

is that every volume has the same a priori probability. Is that correct ?

KERNER: That can be made as a separate assumption. If we do so we know that probability will

then be conserved.

ENGELBERG: Is this true of your system, also?

KERNER: It is true here just as well as in a physical case.

ENGELBERG: Does every volume have the same a priori probability as every other volume?

KERNER: This is a possible way for assigning probability. We know that once a way for assign-

ing probability is chosen, the idea of using probability itself is valid because we have a proba-

bility conservation law. If we did not have this, it would be meaningless to say that we have
probabilities and they did not all add up to 1.
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This discussion of Volterra's ecological dynamics has only touched the surface; the com-

pressed timetable has permitted only some attempt to state the preliminary points. My hope

was to sketch the closeness of ecodynamics to classical particle dynamics and, in particular,

to indicate that the Gibbs ensemble theory as developed for the latter is also perfectly applica-

ble to the former by showing that typically "thermodynamic" parameters, as temperature and

entropy, can indeed be used to characterize the large and complex ecosystem. A summary

discussion, with detailed references, can be found in the Annals of the New York Academy of

Sciences, volume 96, Mar. 1962, pp. 975-984.

LEVINS: I think I will have to end this now and go on to a different aspect of population biology
with Dr. Crow.

CROW: I am substituting for Dr. Sewall Wright, who was invited originally to discuss the subject

of population genetics. I want to allude very briefly to some of the general results of popula-

tion genetic theory and then discuss a few more specific points, considerably more elementary

mathematically than we have been talking about for the past few minutes.

As everybody knows, the theory of population genetics is largely the work of three men:

Fisher (ref. 91), Haldane (ref. 92), and Wright (ref. 93). Fisher put a great deal together in

one statement which says that the rate of increase in fitness of a population is equal to the

genetic variance in the fitness of the population at that time. It is a remarkable theorem. It

depends on the correct definition of variance. I think almost everybody would expect that the

rate at which a population evolves depends on the amount of genetic variability in the popula-

tion; but that it would be measured by the variance rather than some other measure of vari-

ability is not immediately self-evident. Also, the fact that the proper definition of genetic

variance is related to conventional statistical measures strikes me as an interesting point.

The definition of genetic variance is a least squares definition, and the way all of this fits into

the theory of natural selection is one of the high points of Fisher's book.

Some of i/ais has becn carried_ s bit further. Fisher analogizes the concept of fitness with

that of entropy in a thermodynamic system, and indeed, there are some parallels. O+_h_er

parallels with physics are found in some of the developments of population genetics theory. I

think this mainly reflects the fact that a population geneticist has to look somewhere for his

ideas, and they are more likely to come from classical mechanics than anywhere else.

When one of my colleagues Dr. Motoo Kimura was working on equations dealing with rate

of change of gene frequencies, he found a quantity which does not have, to me at least, any

obvious biological meaning; but it is a quantity which, when maximized, leads to the equations

for gene frequency change. This reminds me of some of the superlative principles in physics,

such as the Hamilton principle or that of least action, that when maximized or minimized lead

to the equations of motion (ref. 94).

Another analogy with the kind of theory that has been developed in physics has been the

stochastic treatment of gene frequency changes. There is a great similarity, in many in-

stances amounting to identity, between diffusion and heat conduction equations and the equa-

tions that turn up in evaluating the change in gene frequency under directive and random
forces.

I want to talk more specifically about two concrete points. The first is a special case,

but I will deal with this rather than with a more general model because I think all of the inter-

esting points come out in this special case. This is an idea that was deduced by Haldene and

has to do with what might be called the cost of natural selection (ref. 95). Perhaps it might

more precisely bc c-J!ed the cost of keeping up with a changing environment. Suppose I have

two genetic strains A and B, or two genotypes. To simplify, assume the orgarAsm is bmploid.

Let the frequency of type A be p and of the alternative type B be 1 - p; the fitnesses of the two

types are assumed to be in the ratio he -s or, when s is small, roughly hl - s.
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To fix ideas, thinkof it this way: Assumethat theenvironmentis continuouslychanging."
PreviouslyB hasbeenthefavoredtype, but becauseof a changein theenvironmentsomegenes
havebeenmademorefavorableandothersless favorable. Thiswill makesomepreviously
favorablegenesdetrimentalandviceversa. Butthere is onetroublesomeconsequence--the
genesthatwere previouslyfavoredwill bethe commonones,andthenewlyfavoredoneswill
be rare. Thepopulationhastheproblem, andthecost, of makingthesecommonby natural
selection.

Therefore, supposethat theA typewaspreviouslyharmful but is nowfavorablpo Weask
howmuchselection_tb_t is how mu_h _eiective elimination of alternative types, is required

to bring the rare type to a high frequency.

We can write an equation for the rate of change of p as follows:

do
_-= sp(1 - p)dt

I think it will seem seE-evident that this equation is at least reasonable, and I do not want to
take time to derive it in detail.

If I want to express the total cost to the population during the time that it takes the rare

gene to become common, it can be written this way:

Cost=_ s(1-p)dt
0

This will be an integral of the amount by which the B type is deficient in s, weighted by its fre-

quency and integrated over time. Changing variables and substituting from the first equation,

we obtain

1

s(1 -p) dp=- In P0rCost
o 1 - p}

P0

The limits of integration change from 0 and infinity to the initial and final frequencies of p,

namely P0 and 1. Especially nice is the fact that the s's cancel out in numerator and denomi-
nator, and the total cost is a simple function of the original frequency of type A.

I brought with me some notes on the magnitude of the cost. If Po is 10 -8, the cost is 14.

If P0 is 10 -4, it is 9; if 10 -2, it is 5. With diploidy and dominance the value is usually some-

what larger, especially if the newly favored gene is a rare recessive. The part I am inter-

ested in pointing out here is that this expression is independent of s, provided that s is small

enough that a continuous model is applicable.

ATWOOD: Do you mean provided that p-s is approximately 1-s ?

CROW: Yes, and also that I can substitute integration for a summation process. Take the value

14; this means, say, that there must be 14 selective eliminations for each gene substitution of

its type. To say it another way, if I would like to substitute one gene every generation, the

population must have sufficient reproductive power that it can eliminate 14/15 of the population

every generation and still perpetuate itself. I should emphasize that these are selective elim-

inations and not merely chance deaths; whatever random noise is in the system must be in ad-

dition to this. This principle gives some indication of the rate at which a population can make

gene substitutions over a period of evolutionary time.
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" There are many simplifications in this formulation, but I think this principle (which is the

kind that Haldane seems particularly capable of discovering) gives some new insights. The

cost of a gene substitution depends primarily on its rareness in the first place.

ATWOOI_. Then, the initial frequency is equal to the mutation rate ?

CROW: Mutation rate together with former selective disadvantage or whatever other factors de-

termined its frequency prior to the time when the gene became favorable--yes.

This also suggests ways in which substitutions can be made at less expense. For exam-

ple, this tells us that it is far cheaper to substitute a gene that was formerly only slightly dele-

terious than one which was grossly deleterious.

LEVINS: This means also that even while the gene is deleterious it might be assumed to have
mutations to keep up.

CROW: Yes.

LEVINS: Assuming it is completely deleterious, then it is mutation rate.

CROW: If it is completely lethal, it would be the natural log of the mutation rate--or rather the
absolute value of this.

LEVINS: The interesting thing is that in a fluctuating environment of this type and also in a model,
it can be advantageous to have lethal mutations.

ATWOOIh. Provided the lethal finds itself nonlethal in another environment.

CROW: By "lethal," is meant deleterious, not necessarily completely lethal but disadvantageous.

Presumably, if a population were behaving in an optimum way, it would somehow devise a

mutation rate which gives enough mutants to take advantage of environmental change without

at the same time having so many mutants that the population fitness is dangerously lowered.

LEVINS: There are two objections that have been raised to this argument of Haldane. _._rst, thc

cost calculated in this way is not necessarily a real cost; with the replacement of one gene by

another the population size, for instance, does not necessarily go down, the reason being that

this is a measure of relative fitness. If, however, a population has saturated its environment,
it may not be noticeable at all.

For example, in a rodent population experiment with each litter having five young rats,

they have irradiated the young to such an extent that the litter size dropped to three. Never-

theless, the population density did not change at all, so that in a sense the cost of selection is

a measure of how much surplus reproductive potential has to be before we can even notice the

effect of replacing one gene by another.

CROW: There may be various trick ways of absorbing some of the cost, and one way might be to
have an excess litter size, as you suggest.

LEVINS: The second objection is that in more complicated models than the most naive there is a

linkage disequilibrium; genes tend to associate together and therefore the death of a single

individual may eliminate several deleterious genes at once. Thus, linkage disequilibrium is

a way of cutting down on the cost, making the same elimination of multiple genes.

CROW: I would agree; linkage under some circumstances might decrease the cost. We can think

of other detailed ways of cutting the cost, and a complete theory would include this; neverthe-

less, i _ _he simplest case _t I gave presents in the most direct way the principle that I
am after.

ATWOOI_. You mean, of course, that the population size does not have to change at all if this
keeps going on.
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CROW:Right.

ATWOOD:Thatthepopulationsize is determinedby whatSchmalhausencalled "nonselective
elimination"?

CROW:Withinthe framework,yes. Wemightsay, for example,that anorganismproducinga
million progenyof whichonly oneon theaveragesurvivesis notnecessarilyhavingmuchse-
lective elimination. This is all built into the definitionof s. If there is a greatamountof
randomelimination, s is correspondinglysmaller; that is, if mostof the deathsare random,
there is notmuchselectiv_di_,_,_+;-.n_-_.......................... _,,onegeilutypeandanother.

ATWOOD:If mostof the deathsare randomthis still works.

CROW:Yes,that is right. Thatis whatI amtrying to say. TheHaldaneprinciple is still true.
Randomdeathsmaychangethevalueof s, but this quantity does not appear in the final

equation.

Let me repeat what I said at the beginning. This kind of statement gives an idea of how

much selection measured in terms of eliminations is required for a population to keep up with

changes in the environment by making gene replacements.

Another principle of the same kind, also due to Haldane (ref. 96), tells what the cost is to

the population of having mutation acting on it all the time. How can we quantify this effect ?

We can if it is measured in terms of genetic eliminations or reduction in fitness, as in the

previous example. If a mutant is very harmful, it is eliminated quickly and affects a small

number of individuals; if a mutant is only mildly harmful, it is eliminated slowly and affects a

large number of individuals. I think it is not unreasonable that these effects will cancel each

other out. In fact, if the right units of measurement are chosen, they cancel exactly, and

each mutant has the same impact on the population. The effect of mutation on the population

will be related to the mutation rate and not to the harmfulness of the particular mutant.

We can go further than this and ask the influence of other factors on this situation, and

this is what one of my colleagues, Kimura, and I have been doing recently (ref. 97). Those of

you who know me realize that the mathematics of this are beyond my powers and that this part

of the study should be attributed to Kimura. The results are shown in figure 28.

I want to make sure you understand what I am talking about. The ordinate (fig. 28) is the

proportion by which the average population fitness is decreased by the recurrence of mutation.

This will be equal to the mutation rate for a recessive gene in a large population. It will be

twice the mutation rate for a dominant or partially dominant gene, since two recessive genes

are necessary to cause an elimination and only one for a dominant.

What happens if the population is finite ? We can work this out. It is clear that as the

population size becomes smaller the load will rise because the population is subject to random

fluctuations in gene frequency, and these fluctuations will in general decrease the fitness.

What is not intuitively clear, at least to me, is the shape of the curve for different values

of s, the selective disadvantage of the mutant gene. It might be thought that the Haldane prin-

ciple would be true irrespective of the population size and of any selective disadvantage, or

there might be a curve such as any one of those in figure 28 but the same for all s values.

The point I am interested in emphasizing is that there is a large range of population sizes,
from a few hundred to a few thousand, where a mutant with 0.1-percent selective disadvantage

causes a greater reduction of fitness in the population than one with 1-percent disadvantage.

Since I suspect that many mutants are in this range of selective values and that many popula-

tions have this range of effective number, this may be a rather significant observation. I am

using effective population number in the sense that it is used by Sewall Wright (ref. 98).

ATWOOD: It is certainly against intuition. I think you ought to go through it again, because it is

so much against intuition it almost defies it. You say the one with the least selective advan-

tage has the most effect ?
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Figure 28.--The mutation load (ordinate) as a function of the effective population number (ab-

scissa) for v_io,,_s values of the selective disadvantage of the mutant homozygote, s. The

line corresponding to h = 0 corresponds to a completely recessive mutant; h = 0.5 is for a
mutant that has no dominance. The forward mutation rate is assumed to be 10-5; the re-

verse rate is 10 -_. (Ref. 98.)

CROW: Yes. The only thing I can say is that there is going to be more random drift for a wild

mutant than for a drastic one. Somehow the magnitude of this drift effect is more than suffi-

cient to overbalance the greater individual effect of a drastic mutant, in certain sizes of
population.

ATWOOD: You are assuming mutation rates similar to that of the more or less deleterious
mutants ?

CROW: I am assuming that. We are concerned with equilibrium between the occurrence of new

mutants and their gradual elimination. In an infinite population the load is independent of the

value of s. As the population becomes finite, then the fate of a mutant is not strictly deter-

ministic any longer, and the greater random element of this seemingly has this consequence.

I will tell you how this graph was obtained. I could not go through it now, and I do not

think you would want to take the time if I could. We take the diffusion equations of Wright

that, when solved for the steady state, give the distribution of gene frequencies, and we inte-

grate them. T_s is difficult because of the complexity of the equations and because of the
troublesome borders at 0 and 1.
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ATWOOD:It is not impossibleto accept. Wehavetheboundaryconditionof theextinctionof that,
gene,thatis thepoint;andif it werenot for that, it wouldcorrespondto intuition. Thus,
eventhe areaunderthis onewith the0.01 is still less.

CROW:Yes. I wouldnotbemakingsucha pointof this if it were obvious--obvious to me, at least.

QUIMBY: Dr. Crow, is there any way of testing this intuition by actually seeing what happens to
real populations ?

CROW: This, I do not know. I think you have asked one of the most troublesome questions in the

theory of pnp,,]a_on =,_,,_+__. o ......... Coi_.L'ary to the situation in many other areas of applied mathe-

matics, I am far surer of the assumptions here than I am of any opportunity for testing the nu-

merical consequences of the assumptions. The assumptions are Mendelian inheritance, popu-

lation sizes, fitnesses, and other things that are fairly self-evident. From these a conclusion
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is arrived at deductively; therefore, I am not in-

clined to urge anyone to try to test particular

cases. Does this seem too arrogant?

ROBERTS: Could I put some numbers on the board

for a minute ? I am not sure whether this is the

answer to that particular question, but it is the

answer to some. With the DNA agar column,

let us measure how many genes two DNA's have

in common. Hoyer* has been doing this, and he

has tested man against man--we call that 100

percent in common. Testing against the Rhesus

monkey, he obtains 88 percent; trees, 28 per-

cent; any mammal, 20 percent; birds, 10 per-

cent; fish, 5 percent; bacteria, 0 percent. Fig-

ure 29 shows some results that Hoyer has ob-
tained with a series of animals.

PrrTENDRIGH: These are a self-inconsistent set of

statements. Any mammal includes armadillo,

monkey, and man.

ROBERTS: Twenty percent is the lowest value for

mammals, as in mouse, rat.

ATWOOD: I did not think the armadillo is any

closer to us than the rat is.

ROBERTS: If we look on these evolutionary trees, it

CROW: These are percentages of genes in common,

by a criterion of DNA '%ybridization"?

ROBERTS: Yes.

CROW: What is it that is 20 ?

ROBERTS: Any mammal that we try gives at least 20.

100
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Figure 30. --Similarity of different DNA's

to the DNA of the Rhesus monkey plot-

ted against the time since the species

diverged.

These are higher. We can look at the

evolutionary tree and try to guess at what time these split off. If we do that and then plot man

at 100 percent--and make this a log scale--they all fail nicely on the curve 100 c-T/10s years

(fig. 30). If we test man's genes on mouse DNA, that will select 20 percent of them. If we

check those 20 percent on calf or any other mammal, they are the same.

CROW: Is this done by some kind of procedure in which you embed DNA in a column of some sort,

pass another DNA through it, and then look for homology ?

ROBERTS: Yes.

CROW: What size are the pieces ?

ROBERTS: The pieces used to hang up in the column have to be big, and the pieces that are

passed over the column have to be small to get into the agar.

*B. H. Hoyer, personal communication.
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ATWOOD: Just to preserve the Fremont-Smith criterion of the meeting, what did Dr. Crow say,

that reminded you of DNA ?

PITTENDRIGH: Or another way of putting it is, what is the cost of fish?

ROBERTS: He said there was no way to test some of these concepts of how quickly genes disap-

peared from a population. The calculations of population genetics will tell how quickly genes

disappear; there is no way to test these calculations. Well, here is a way to test them.

ATWOOD: All right, except that you cannot use your way to really test hi___sway. One is the short

__,._u, o._-.done is thc !or._g r_nu.

CROW: I am talking about a much shorter time than Dr. Roberts is.

SAGER: I am sorry, but I do not think it should be dismissed quite so summarily.

ATWOOD: It is not dismissed; it is lovely.

SAGER: The hybridization method can be used to look for 0.1 percent of DNA, or even less than

0.1 percent of DNA--not this particular hybridization method but another. However, in prin-

ciple, this one could be scaled up, or at least a modification of this method could be scaled

up, to look for very few gene differences rather than for tremendous ones.

ROBERTS: Yes, that is a different technique. Hoyer is working on the difference between male
and female.

CROW: To put it the other way around, a population geneticist is green with envy at this kind of
data.

YCAS: I would like to protest Dr. Sager's suggestion. He is speaking of different things. If we

have a generative code in which there is, according to the population genera, no change what-

ever in the phenotype, we might still completely change the DNA and the population geneticist

would never notice it. I think thi§ was well brought out by Dr. Slonimski who mentioned the
eytochrome c which is virtually the same and presumably for organisms that have different

DNA compositions_ thus, what we are measuring could have no relation whatever to what the
population geneticist sees.

ROBERTS: But it does.

ATWOOD: Intuition is enough to prove that it has a strong relation to what he is saying, except

that the time is very different.

DANIELLI: But your intuition was very upset about the armadillo.

ATWOOD: Twenty-five years ago, I was taught that the edentates were very primitive mammals.

ROBERTS: No, they are very advanced.

ATWOOD: What about the Tubulidentata?

ROBERTS: I do not think they tested that one. The armadillo, I do not know. The green monkey

and the Rhesus monkey are just the same according to this. We do have the mouse points.

Hoyer ran through the whole sequence testing with mouse DNA.

PITTENDRIGH: If the same translator makes a translation of Proust against a translation of

Chaucer, we are going to get essentially 100-percent mating.

MOROWITZ- I do not see the point.

PITTENDRIGH: We are using a language. We can have enormously different meanings, while if

we dissect the message down to words_
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Let mestatethat this is all very excitingandI wouldbeinterestedin askingquestions
aboutjust howmuchidentityof nucleotidesequencetheremustbein order for a homologyto
occurin a systemlike this, but I really think it is difficult to put thatandwhatI havebeentry-
ing to talk abouttogetherin the sametime framework. Thewayto test whatI amtrying to
talk aboutwouldbeto saywhetherwecouldever takea populationof finite size, selected as

intensively as we are able to, not permit any migrants, and arrive at a fitness higher than a

certain level predicted by the equations that I have been talking about.

QUYMBY: Dr. Crow, you had speculated on two population sizes. Did you have any particular
species in mind ?

CROW: This theory would apply to any species if the effective population number were known.

QUIMBY: Are they arbitrary numbers ?

CROW: They are arbitrary numbers, but I suspect that in many species the effective population

number is i0 000 or less, perhaps considerably less. The effective number may be consid-

erably less than the census number, as Wright has frequently pointed out.

LEVINS: I think we come, then, to the whole question of genetic load. According to Fisher's the-

orem, the fitness of a population increases proportionally to its genetic variants and reaches

a gene frequency that maximizes the fitness. Under these assumptions, then, anything that
changes the gene frequency is reducing fitness, and mutation is introduced into this framework

as something that displaces the gene frequency from the optimal value. That is why the term

"load" was introduced, and it applied to negative effects.

When we allow the environment to vary peculiar things happen. First, the average gene

frequency in a varying environment is not the average that maximized the fitness for the aver-

age environment. As a result, the average gene frequency under selection in a varying envi-

ronment is not optimal; in fact, fitness can be improved by mutation toward the less favored

-allele. I will show the less _,;or_-__ _lele _ the one deficient in the population.

A second effect of mutation is to increase the correlation between the present gene fre-

quency and the present environment by damping out the effects of the response to selection to-

ward past environments; thus, fitness is improved in this way also and may, in addition, af-

fect the variant. Instead of talking about negative genetic load, if we want to keep that frame-

work of reference, the point is that once we introduce a varying environment a variety of new

factors must be considered and thus bring us to the load question.

CROW: I do not disagree. It does not bother me to have a "load" in any of these senses or to have

under some circumstances a negative load. I do not mean for 'load" to be a loaded word in the

sense of implying that it is always bad. What Dr. Levins has in mind depends on fairly defi-

nite relationships between mutation rate, cycles of population change, cycles of environment
change, et cetera.

ATWOOD: I would like to mention one point to be sure I understand what you mean. If I under-

stood this correctly, it would mean that the higher the inbreeding coefficient, the greater the

difference between these two; that is, the more the very deleterious one would have a low load

compared to the other one, because it would be eliminated that much faster if we had more

inbreeding. Is that correct?

CROW: That is right over a certain range of inbreeding. The curves have to be considered in

particular cases. It is the point of intersection of two of the curves that answers your question.

ATWOOD: Let us take a population that has extreme inbreeding, such as a brother-sister regime.

Obviously, the one with zero fitness would be eliminated immediately, whereas the one with

only 1 in a 1000 could persist.
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CROW:It couldpersist for a longtime, yes.

ATWOOI_.Thus,the contrastwouldbeincreasedby inbreeding?

CROW:Yes, until the inbreedingis too intense, ascanbe seenat thevery left of thegraph. Per-
hapsI havenotmadeonepoint clear; I meaninbreedingcausedby a closedpopulationof finite
size, nota larger populationwith nonrandommating. I amexcludinganymigrationor inter-
populationselection. A populationof severalself-fertilizing lines in whichsomelines were
eliminated,aswouldbethecaseif theybecamehomozygousfor a lethal, wouldtendto re-
placetheseby expansionof other line.._;thinw,_,,1,t_,__ ....... 1 ........................... k.J._.v_tt_ablUll _leCLlOn in the problem

as I have formulated it. My graph refers strictly to what happens within a subpopulation, with-

out any help by migration or intergroup selection.

I would like to say a bit about one other subject. I should like to ask what the advantages

and disadvantages are, from the evolutionary standpoint, of sexual and asexual reproduction.

I am following, in essence, the methods of viewing the problem that were introduced by Muller

(refs. 99 and 100).
Suppose there is an asexual population of genotype A. Now suppose that a mutant B arises

that is an improvement over the old type A. Then B will increase and finally replace A in the

population. But suppose another beneficial mutant C had occurred at approximately the same

time as B. Mutant strains B and C will compete with each other; each will slow down the in-

crease of the other, and finally the best will win out. However, if a C mutant occurs in an

individual that already carries mutant B, then everything is fine because both favorable traits

can be incorporated in the same individual. If there are a succession of favorable mutants,

an asexual system has a considerable problem because it cannot add a second mutant unless it

occurs in an individual that already has the first. Thus the average interval between successful

mutants (counting only those that are beneficial and ultimately incorporated into the population)

will be the time g between the occurrence of a mutant and the occurrence of a new mutant in a

descendant of the first mutant.

In a sexual population, on the other hand, as many mutants as would normally occur in

this time can be incorporated. If N is the population number, u is the mutation rate (counting

only favorable mutants), and g is the same time interval as before (most conveniently counted

in generations), the number of mutants that will ultimately be incorporated and which occur in

this period will be Nug. Thus the ratio of gene substitution in sexual and asexual populations

is Nug. The value of g is obtained by integrating the population number of mutants and asking

how long it is, on the average, until there have been enough individuals to permit one mutant.

If s is the selective advantage of the mutant, then I have worked out that g is given by the

follow ing:

g = 1 ln[(N+l)exp(s/uN) - N]

Fors=0.01, u=10-8, and N=108 the ratio Nugis1380. For N =106 the ratio is l4. 4, and

for N = 104 it is 1.1. Thus, the smaller the population, the less relative advantage of being

sexual.

It might be thought that the advantage of sexual reproduction is not so much to put together

different mutants, all of which are favorable and favorable in various combinations, but to put

together mutants unfavorable by themselves but beneficial in combination. However, I want

to argue that a sexual system is not best for this circumstance. The story is the same in hap-

loids as in diploids; thus, let us consider a haploid model for simplicity. Suppose that the

genotype ab is the existing type. The single mutant types Ab and aB are both unfavorable, but
the combination AB is even better than ab. In an asexual population, the population has to
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wait only for the double mutant AB to happen, whereupon this type will take over. The same

genotype will occur on the average with the same frequency in a sexual population, but it will

not be incorporated. This is because an AB individual mating with the predominant ab type in
the population will produce many Ab and aB offspring, unless the advantage of AB is so great,

or the two genes are so very closely linked, that this disadvantage can be overcome and the

new type incorporated. The system will have two stable equilibria in a sexual population, one

with predominantly ab types and the other with mainly AB. But in a sexual population, there

is no way to pass from the one stable state to the other. In an asexual population, this takes

place directly since there is no barrier to moving to the new equilibrium as soon as an AB

type appears.

What I am suggesting is that the advantages of sexual reproduction are primarily for

putting together genes which act in an additive manner, as Muller has emphasized, and not for

putting together genes whose collective effect is not what would be predicted from their single

effects. The ubiquity of sexual reproduction in nature must imply that at the time sex was

"invented," the genes primarily responsible for evolution at that time were primarily additive

in their relations with other genes; otherwise sex might not have evolved.

LEVINS: This can be very nicely tested by considering those organisms that are only sporadically

sexual; we would expect to have a much greater proportion of the epistatic combinations.

CROW: It is related, although I will not say it is exactly the same, to the following: If selection is

practiced in an asexual population, a mutant occurs that adds a new level of fitness and then a

second mutant occurs. The second mutant can act only in the presence of the first (may very

well be a modifier of the first), and therefore this system is likely to build up interdependent

sets of genes.

I think Ican makeit more meaningful by talking about a very concrete example, and also I

think it is more meaningflfl and could be tested best in a system where an organism is being

exposed to a totally new environment. An obvious experiment is drug resistance in an orga-

nism that has not been previously exposed to the drug. If we use an asexual system, say bac-

teria of the right strain, a mutant occurs and is incorporated; then a second occurs and is in-

corporated. The second may well be a modifier of the first and have had no effect on resis-

tance in the absence of the first. If this process continues, we might expect to have selected

a resistant strain in which there are a series of mutually interdependent genes producing the

resistance. When Cavalli-Sforza (ref. 101} analyzed chloramphenicol resistance in Esche-

richia coli, this is exactly what he found.

On the other hand, I have selected for polygenic resistance to DDT in Drosophila. On

analysis, the resistance is caused by genes that are almost completely additive; there is prac-

tically no epistasis at all. The effect of two chromosomes is almost exactly the sum, on the

right scale at least, of the individual chromosomes by themselves. This was done by using

strains with genetically marked chromosomes (refs. 102 and 103).

FREMONT-SMITH: I thought modern bacteria had become sexual.

CROW: They were not reproducing sexually during the time there was selection for resistance.

The sexual process was used later for genetic analysis.

ATWOOD: DDT resistance was reported to break down upon intercrossing of separately selected
lines.

CROW: In mine, it did not.

ATWOOD: In King's case, they did (ref. 104).

CROW: One always trusts his own data more than somebody else's, but in my case it strictly was

not this way. King's later data did not show this either. I think you are referring to an earlier
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stageof his studies. Kingdid anearly analysisthatshowedjust whatDr. Atwoodsaid, but
therewereseveralother inconsistenciesin theresults at that time. Later hedid another
analysisandfoundthe samethingI did; that is, almostcompleteadditivity (ref. 104). I think
somethingwaswrongwith theearly experiment.

ATWOOD:Doyoumeanresistancewasmaintainedafter intercrossingseparatelines?

CROW:Right. TheF2betweentworesistant strains, or betweena resistantanda susceptible
strain, wasjust abouttheaverageof the F1 andthetwoparentstrains. I also didwhatI think
.......... j _._.. ,.a), _.x_i a¢_J.tiB illulviutJLiil UIAA'UIIIU_UIIIe_ with marker strains in

order to know the exact genotype of the recombinant types.

LEVINS: In this question of epistatic interactions, how closely linked the genes are becomes very

important. In general, we can maintain equilibrium in a population only if the epistatic genes

are closely enough linked so that the evolution of the genotype would involve the accumulation

of whole blocks of genes which are together not because of a common origin or because of

their nucleic acid structure so much as because of their joint effect in selection, holding them

together in blocks and leading to inversion systems and what have been called supergenes.

CROW: Let me make about three final remarks. One is that much of population genetics theory

has thus far dealt with single genes or with groups of genes linked according to some simple

model of interference. This does not mean that epistasis was not considered, but the inter-

actions were usually of selected types chosen for mathematical manageability. Some of the

models chosen by Wright and Fisher are models of cleverness in combining biological realism

and mathematical simplicity. But, I suppose that before we understand all this thoroughly, it

is goingto take more complicated formulae beyond the human mind and, perhaps, will call for

more computer analysis.

LEVINS: I just want to disagree with that last point. When we begin to obtain many genes linked

together and we cannot handle them as one or two gene models, I think the time comes to

switch techniques completely and to consider the chromosome as a continuum with the average

effect at some integral along the length of the chromosome up to a certain point.

ATWOOD: This is a Goldschmidt model.

LEVINS: Mathematically, yes.

Dr. Odum wanted to make a few closing remarks similar, perhaps, to Dr. Pollard's sum-

mary this afternoon.

ODUM: I have four points. This was not prepared as I was not expecting to make a summary, but

perhaps this will add something to what we have heard.

First of all, we all know that orientation is very important. Iwould suggest that the spec-

trum of levels of organization might be oriented differently from the conventional vertical ar-

rangement showing the molecular level at the base and the ecological levels at the apex. I

would like to suggest a model that is horizontal with the arrangement of levels like an electro-

magnetic spectrum, or something of that sort, so as to emphasize that levels have different

properties but are equally high in the sense of complexity. In other words, I would just like

to suggest the possibility--not proved, and others may thoroughly disagree--that ecosystems

are not necessarily more complex than cells in terms of scientific approachability. We have

all seen that we are not anywhere near understanding the cell; and, as I will show in a minute,

we may be already further along in some ways in understanding the ecosystem.

With that in mind, please do not get the idea from my outburst earlier that I have anything

at all against applying tools, methods, and approaches that have been so successful at the mo-

lecular level to other levels. We have had some very good examples tonight of the usefulness
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of extending ways of thinking from cells to populations. All I would say is that that is true or

useful. But what else might be true or useful? What concepts, assumptions, orders of mag-

nitude, or other parameters might be additional, new, or replacive as we move from one posi-
tion on the horizontal spectrum to another ?

For instance, let us consider the electromagnetic spectrum analogy. X-rays, of course,

would have different properties from the longer light rays, and we would use different instru-

ments in working with these different levels in the spectrum even though, from the physical

standpoint, they are all composed of electromagnetic waves. Thus, I would look at the bio-

logical spectrum in the same way; they are different properties and, therefore, different ap-

proaches at different levels even though the different-sized and different-structured units are

all obeying the same physical laws.

Earlier in the conference I made the point that while such principles, such as the laws of

thermodynamics, are the same at all levels, the biological structure is vastly different. Thus,

unique properties of different levels center around the relationship between structure and func-

tion. A kilogram of biomass is a bigger '_lack box" than a microgram, and it interacts dif-

ferently with the physical environment to produce quite a different functional system. A forest

can greatly regulate and control the physical environment while a single tree cannot; there-

fore, a forest has different properties from a tree.

I might comment briefly on competition equations. These differential equations have

proved instructive in explaining competitive interaction of two rapidly growing species popula-

tions in cultures which represent early successional or unstable ecosystems. In complex and

more stable ecosystems, many populations are not growing at a given time so that DN over DT

will be zero; therefore, the equations are not very useful. Also, the more complex structure

of stable systems may isolate the two species that are forced into artificial competition in the

limited universe of a culture. We cannot simply add up species growth equations and get a

model for the ecosystem. The function of the system as a whole, as well as the function of

isolated units, must somehow be the basis for the model.

One important consequence of the presence o_ _mny diversc units in a system_ is the in-

creased ability of the system to regulate itself and dampen the oscillations which we always

get when only two or three units are present. An ecosystem can often compensate for tem-
perature and maintain functional homeostasis in the presence of extelmal fluctuations in tem-

perature that would cause marked ups and downs in the metabolism of an isolated individual.

We must somehow in the theoretical approach properly evaluate the degree to which the whole

is not a sum, or not a linear function, of the parts.

I could go on with many reasons why the properties at ecological levels must be studied at

these levels and can be understood only in part by studies at molecular levels, but let me just

end with the idea of the "minimum ecological system. " I really enjoyed, and was intrigued by

the discussion of the "minimum cell." The makeup of this theoretical cell, it seemed to me,

depended a great deal on the time it would be expected to survive and on the environment in

which it was expected to survive. Dr. Fox's simple microspheres survive quite well in a

sterile environment, but are quickly eaten up if there are bacteria in the environment. We

may have a parallel in the "minimum ecosystem. " If we want a system to function for only

one day, then, of course, a small, simple one may do. If we wish to go to Mars, we obviously

want one that will operate, survive, and remain relatively stable for a longer time. There

must be a curve or family of curves, unknown as yet, that relate survival time to size and

diversity. If size, diversity, and stability time (perhaps stability half-life) were plotted on a

three-dimensional graph some kind of curvilinear relationship would presumably apply. If we

had such a model, we could tell NASA when _o _l_ft from a nonregenerative to a regenerative

system for space travel.
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Onefinal thought. Despitethevery small effort thathasbeendevotedto theecosystem
level, wecanalreadycomenearer to constructinga "minimumecosystem"thanwecana
"minimumcell." This is to saythatthe ecosystem,whenapproachedat its level, is nota
priori morecomplexor difficult to understandthanthecell whenapproachedat its level. Dr.
RobertBeyersin a recentpaperentitled"TwelveLaboratoryMicroecosystems"(Ecological
Monographs,vol. 33, 1963,pp. 281-306)describeshis constructionof different kindsof
closedsystemsby allowingthe systemto selectfrom a large variety of introducedcomponents
thosecomponentsthat canoperatetogetherasa stablesystemundera givenregimeof light
andtemperature. Someof his closedsy_t.em_shaveremainedfunc*Aonalat a stablel_v_l for
severalyears. Twostriking principles emergefrom theseandotherstudies: (1)systems
mustfirst gothrougha periodof successionbeforetheybecomestableand(2)the stablesys-
temsnearlyalwayscontainmorethanonespeciesin eachfunctionalniche--morethanonekind
of autotroph,for example. Theminimumdiversity hasyet to bedeterminedfor a giventime-
stability requirementundergivenradiation-temperatureconditionsimposedfrom outsidethe
system.

POLLARD:Beforewe leave, I wouldlike to addoneor twothings. First, I wouldlike to thank
very muchthepeoplewhohaverun, underdifficult conditions,theecologicalside of the con-
ference. Particularly, I wouldlike to thankDr. Levinsfor takingover at the last moment
anddoinga very fine job. I think I wouldalso like to thankour very long-sufferingMrs.
Swanson,the stenotypist.

Of course,wehavea staff here, andI imaginetheymustcollect thesespeeches--confer-
encebyconference. Theyprobablycomparewhathappenedat oneconferencewith another,
whatthis confereesaid, andsoon. In anyevent, Dr. Fremont-Smithhasquietly regimented
us, keptuscheerful, andsupplieda conditionwherewehavebeenableto confer. Hehassup-
plied theinner manvery well, andheunderstandsthe needsof theconfereesquitewell. We
arevery muchindebtedto him. I haveknownhim for a longtime; in fact, I first madehis
acquaintancein this very room. AndI maysaythat I havenotyet beenat a conferencewhere
hewasaroundanddoingthingswhichI havenot thoroughlyenjoyed. This is noexception.

Mrs. Purcell has, of course,anotherhard job. WhereDr. Fremont-Smithgetsusto-
getherandlooksafter the inner man,Mrs. Purcell actuallygetsus here. Shehasdonethat
verywell, andwe thankher for that andfor lookingafter us.

To Miss Gordon,whois to meanewcomeronthis scene,I wantto extendthanksalso.
Probably,for all I knowshedid all thework, andI will not everbeableto find out. At any
rate, wewouldlike to givethanksto thesethreewhohavereally beenof great helpto us.
Thatis all I wantto say.

FREMONT-SMITH:Onbehalfof theAIBS, I wouldlike to thankall of youfor coming,to thank
NASAfor givingus thechanceto makeit possiblefor youto come, andfor your tolerance.
Also I wantto say, naturally, thatweare sorry that our scientific studiesandcommunications
weredisturbedbythis very tragic experiencethat thewholeworld hassuffered.

I hopethatthoseof youwhohavesuggestionsfor runningthesekindsof conferenceswill
further communicatewithus becausetheseconferencesare still anexperiment. Wedonot
thinkwehavefoundtheanswers. Weknowit is anecologicalsystemin whichwebalanceone
geneagainstanother. Weare trying to find the optimalwayof doingit, andI amsurewecan
learnto improve. Pleasehelpus in this respect, andagainmanythanks.
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CHAIRMAN: E. C. POLLARD

POLLARD: If I might have your attention! Because Monday is a day of mourning for President

Kennedy and because of the very definite way in which President Johnson announced this in his

proclamation, the Steering Committee feels that it would not be in order for us to meet Mon-

day; therefore, we will not be holding a meeting on Monday.

It falls to my lot to be an efficient chairmam and to pilot this meeting, originally scheduled

for tomorrow evening to a rapid conclusion so that, hopefully, we will have, by 9:00 p.m. all

the wisdom possible from you.

To speed this up, I am going to ask for suggestions as to the way that we in NASA, and

AEC should chart the course for theoretical biology--how it should be supported and what

should be done to set about stimulating it.

The following are the suggestions that were made previously as mechanisms by which

theoretical biology could be supported. The first one was to hold more conferences such as

this with the idea that the areas of theoretical biology would be more specifically outlined and

the participants would be invited more specially to take part in those specific subjects.

The second suggestion was that there be theoretical topics chosen, perhaps such very
broad ones as theoretical biology, and that there be summer institutes set up for a period of

between 6 weeks to 2 months--for example, at Woods Hole, or on the West Coast, or at

Pennsylvania State University's summer camp, or at any other suitable place. Perhaps 50 to

150 people could be brought together for either special topics or general topics.

Third, an idea would be to allocate, somewhat like NIH programs, graduate training pro-

_ by wbAch money _ available for professorships and, separately, fellowships in theoreti-
cal biology.

And, last, what sort of previous disciplines would be the ones from which theoretical biol-

ogists could be drawn ?

I would very much like to hear ideas on any of these four topics and, more especially, on

any other topic. These are just to start us off, so will you please shoot at us and give us
information.

PITTENDRIGH: I have question number zero: What is theoretical biology?

POLLARD: That is not answerable. Like all these subjects, theoretical biology is what theoreti-

cal biologists do, just as biology is what biologists do. If we do _ot have theoretical biologists,

we do not have theoretical biology.

FORRO: Perhaps we should ask this question: How many people would consider themselves to be,
at least in the subject area, in the field of theoretical biology?

POLLARD: I do.

PITTENDRIGH: Everybody with self-respect does.

POLLARD: It is not answerable in terms of something that will stand up in the future.

PITTENDRIGH: No, but I think it might be a good thing to pursue. If we were to pursue it, we

might try to ask wlml; are the prhicipal q.:c_ions wbAeh spp_rate the life sciences from the

physical sciences.

POLLARD: I hope none.

175
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PITTENDRIGH:If therearenosuchquestions,whyis it not theoreticalscience?

DANIELLI: Weare notconcernedwith astrophysics.

TOTTER: Thepractical problemis that wehaveto at leastpreparea report to giveour granting
agency.

ODUM: If peoplewill comeontheir ownmoney,noreportswill beneeded.

JACOBS;Sinceweare trying to developthepotentialof theoreticalbiology, a report of this con-
ferencewouldbemosthelpful. It is possiblethat a feHewshipprograma_well assummer
sessionscanbeset up. In someof theseinstancesa report wouldbewritten; in other in-
stancesno reportwouldberequired.

DANIELLI: Wecouldcombineactivities with somethingonwhichwedowrite a report. In other
words,wedonotwrite a report coveringthewholeof theactivity of the summerschool.

JACOBS:At the endof a summersession,a conferencecouldbeheldat whichtheparticipants
discusstheir thoughtsandideas. It couldbeupto them, individuallyor collectively, to de-
cideonpublishing.

POLLARD:Will thosewhothink someaspectof item 2 (summersession)is aworthwhilewayto
supporttheoreticalbiologypleaseraise their hands? (About14handsare raised.)

I think, then, that it wouldbewise for thePlanningCommitteeto saythatwewouldimple-
menttheformationof a committeeto makea proposalto NASAandto AECfor theformation
of oneor moresummerinstitutes.

SAGER:I wouldlike to saysomethingheretical. I think that noseminarof longerthanaweekon
the subjectof theoreticalbiologyshouldbeheld in aplacewherelaboratoryandlibrary facili-
ties arenot available.

DANIELLI: I supportthat. I donot thinkweshouldmeetfor morethan8 hoursin anyplace, pro-
vidingthereis a bar. I wouldalsolike to suggestthat, associatedwith a summerschool,
there shouldbesomeworkingparties set upwhichwouldmeetperhapstwoor three times in
the courseof ayear for a dayor two, perhapsonly five or tenpeople. WhatI amthinkingof,
for example,is the diffusionproblembroughtup today. This is anareawherepeoplecould
perfectlywell leaveandthinkaboutthevariety of problemsbutmeetprofitably twoor three
times a year, perhapsonceat thesummerinstitute itself. Thereare perhapssix suchareas,
for example,withwhichsmallgroupscouldbeassociatedandall cometogetherin a summer
institute to discusshowfar theyhadgonewith themin general.

POLLARD:DoI hear morecommenton that? Dr. Robertsis actuallyquiteknowledgeableon this
sort of thing. Whatis your reaction?

ROBERTS:I think it is very hardto knowexactlywhata conferencelike this does. I knowthat
whenI talkedto Dr. Forro I hadsomevery firm ideas, but I foundtheymaybewrong. NowI
wantto gobackandcheckthen:out. Thatis worth a lot of time.

It is hardto knowhowmuchtime shouldbespentat homeworkingandhowmuchtime
away. If wedid theright experimentsat home,we coulddoa year's work in aweek. Mostof
thetime wearedoingthewrongthing. If wecomehere andgetan ideaof whatthe right thing
mightbe, it is worth a lot.

POLLARD:Dr. Pittendrigh, I wasgoingto askyouonnumberzero, whatdoyou think?

PITTENDRIGH:I amall for theconcertedattackon theoretical biology, andyouknowit. Butthe
questionis whetheror not thetwomajor headingsof this symposiumreally coveredthefield,
andI donotsupposefor a momentyouwouldsuggesttheydo.
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: About a tenth of it.

PITTENDRIGH: Let me leave the generality and be a little more specific. If we were to go ahead

and have more of these, and perhaps even a summer institute, I do think (and I hope this will

not be misinterpreted) that the spectrum of biological, as distinct from immigrant physical,

competence ought to be broadened in the group. For instance, I think what is conspicuously

lacking is any real competence in the fundamental problems involved in development or in be-

havior; in other words, there has been something of a de facto decision that the problems can
be solved at the macromolecular level.

POLLARD: Not in this conference. This was brought up; actually, it was decided to choose two

topics as being what we felt were two quite diverse but hopefully maximum yield areas, and

we deliberately chose these topics. We had a feeling if we just assembled everybody who

might possibly be interested in theoretical biology, the conference would be too diffused and

would not be rewarding such as Dr. B_berts said it was this morning. We had a choice to

make, and we may have made it in the wrong direction, but the point is that we are now seeing
how we should go.

ODUM: I do not think the two topics chosen were as diverse as they might seem, because discus-

sion of a minimum cell has no real moaning until the minimum environment or the minimum

ecological system is also discussed. It is very evident that the definition of a minimum cell

will depend on the environment in which it is expected to survive. If the environment contains

many readymade organic necessities, the cell can be simple; but if the environment lacks

these, the cell must be more complex to survive. Therefore, it seems to me that what Dr.

Pittendrigh is saying is that we must consider the whole spectrum.

Whether or not we go into all the details, it is not theoretical biology if we do not consider

the whole spectrum; it is just theoretical molecular biology or theoretical ecology, one or the
other.

PITTENDRIGH: I did not quite mean that. it seenm to rne that it v;o,Jd be interesting to know what

the geologist wants to use theory for.

ODUM: So that he can do the right experiment or make the right observation, or at least to help

him to make better observations or better experiments.

PrrTENDRIGH: This is being against sin.

POLLARD: Experimental physics has never wanted to produce theory at all, and since biology is

primarily experimental, the generating mechanism is hardly there. In fact, in most physics

laboratories that I know anything about, they somewhat resent theory--it is too abstract, too
hard to design experiments. They have to get the other fellow to do it and tell him how to do

it. R is all based on quantum mechanics and they feel they should not be watching an electron

going around. Besides, it is much more fun. to build apparatus.

PITTENDRIGH: I think the history of biology has been very different in the fact that it has been

loaded with almost too much prematurity. The biologist for a very long time, whether ex-

plicitly in these terms or not, has been much concerned with the attempt to explain organization.

POLLARD: Only experimental physicists have explanations. Yes, definitely, they very often are
not the ones the theorists would use.

McMULLEN: Is there included in this study of life a study of the theoretical conceptions of the

origin of life? We have not touched on biogenesis. Or is biogenesis e. s,,hject on which the

general consensus is that we do not discuss ?
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POLLARD:Theoreticalbiology, in general. Biogenesishasnothingto dowith this conference.
It will naturallygowhereit is successful.

McMULLEN:Whatdoyoumeanby successful--givingapractical result?

POLLARD:No, successfultheory. It hasnothingto dowith practical results.

McMULLEN: Howdoyoudefinea successfultheory?

POLLARD:A self-consistenttheory that is right.
"I'_A "I_TT'I_T "lr ¥. T 1-, ....... .,- _'- - " •.......... •,_w liu_ u,uu_aL about tins very much, but it seems to me that there are two main

things that we tend to go to theory for. One is the organization of information which was ob-

tained by experiment in order to get the information into a form that can be handled. The

other is for prediction. In anything more than quite simple systems, we cannot predict with-

out a theory of the relationships between all the variables that are concerned.

POLLARD: No, there is a third. The third is beauty. This is one of the features about theory

that I think is important.

DANIELLI: I think the way in which the Journal of Theoretical Biology came into existence is in-

teresting in this respect. It arose in the minds of about half a dozen people who were really,

I think, experimentalists. They felt--we all felt--that the proper way to handle the more dif-

ficult problems that we were acquainted with was to use theory as a weapon and, possibly, in

the same way that the physicist or theoretical chemist uses theory as a weapon.

Let us say there might be some functions of theoretical work in biology which were not

closely similar to the functions that theoretical work has in physics and chemistry, but we

just did not know about this. We simply felt that there was a lack and that by establishing a

journal we could create a focal point for the development of theoretical thinking.

We were very surprised, actually, by the number of papers submitted, which was about

twice what we had expected. Obviously, there were a great many people who, on their own,

probably would not have published anything similar as soon had this journal not been established.

Actually, I think this development, which is centered around Dr. Pollard, and which this

meeting expresses, represents a different practical approach--the encouragement of theoreti-

cal biology, perhaps a more important one. The principal idea on which I feel we should work

is that if we are excited about theoretical biology, it does not matter in the least whether or

not we can define it. The thing to do is to work on something that we are excited about, and

then we get something out of it that is worthwhile, both for ourselves and for other people.

The ability to define exactly what we are working on is not, I think, necessarily of great im-

portance. Even if we think we know what we are working on, very often we discover that it is

something a little different, and we have to continually reanalyze what we are working on.

So while I sympathize with asking the question, "What is theoretical biology?" in that it

leads one to say, "Now, is the piece of work that I am doing really theoretical biology? What

is the extent of the contribution which I make by thinking in a particular line?" that is a per-

fectly legitimate question. But I do not think it is a question to exclude what somebody else is

doing.

ODUM: Theory has a function from a different viewpoint that is very important for those of us who

teach. Biology is such a tremendous area with so much detail that the only way we can intro-

duce the subject to young people is to have some theory that we can present first. With only

a limited time available to excite people about biology, we need some exciting theories that

tie things together, and then we can go ahead to the details with more enthusiasm.

GREEN: To my way of thinking, theoretical biology is more a state of mind or a point of view

rather than any precise domain. I am tremendously impressed with the fact that, particularly
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in biochemistry, there is, shall we say, an obsession with the purely experimental, almost to

the point that it is considered extremely poor form to deviate beyond the precise precincts of

an experiment. Speculation is almost a dirty word in some quarters.

This state of mind I regard as a disaster for biochemistry, and I am sure there are other

fields of biology which are in a similar unhappy state. Somehow it has not been appreciated

as well in biochemistry as it has been in physics that it is possible, through the exercise of

imagination and solid thinking, to discover things that are implicit in or derivable from the

experimental data but which are not obvious, and that this form of activity is worthy in its

own right and is a legitimate tactic for solving problems of biology.

I think that all of those in biology who recognize this dimension of science belong to the

theoretical biologists. That is how I would put it. Those who consider itas auseless or un-

necessary activity obviously would not gravitate to a group of this kind. For this reason, I

think theoretical biology would include many diverse types: those who deal with first princi-

ples and are mathematically inclined as well as those who think in qualitative terms. This

evaluation is probably a far cry from what you had in mind, but that is how I see it.

POLLARD: Mr. Leigh, ff we had such conferences as these summer institutes, would you show

up?

LEIGH: I would probably prefer to do field work if I could, bu£ that is because I am more of a

naturalist. It would depend. I would want to distribute some time equally between both. Per-

haps every third summer I would want to go to a theoretical institute if such were available,

but I would like to spend the two summers intervening doing field work that had theoretical

implications.

POLLARD: Dr. Watts-Tobin, suppose we invitedyou over here for a summer, would you come to

a summer institute?

WATTS-TOBIN: For how long would this be ?

POLLARD: You would be a VIP from abroad; you could name the time--6 weel_s. Would you

come? Now, we are not inviting you, but suppose you received a letter on some school's sta-

tionery which said, "This is a summer instituteon theoretical biology in Woods Hole," and

some assistance, plus a few dollars a day; would you show up?

WATTS-TOBIN: Yes, I think I would like very much to, ifI could really spend 6 weeks.

POLLARD: That "if" I do not like. Dr. Bautz, would you show up?

BAUTZ: I think I would like to show up every third year. That is all right, because Iwould not

like to see the same customers every year.

POLLARD: That is right. I think I have already gathered quickly that itis going to be necessary

to rotate symposia among several topics so that once every 5 years something is so important

that we think we have to go because itis just too exciting to miss.

HOF FMAN: I do not think theoretical biology is really something we can do on a part-time basis

and stilldo itwell. A theoretical physicist is a theoretical physicist most of the year, and

theoretical biology is nowhere near where theoretical physics is today.

POLLARD: Think of the rate of advance. The rate of advance in theoretical physics is zero.

BAUTZ: Coming back to Dr. Morowitz's suggestion, I think he has a point there. I think Iwould

rather like to go to a summex- uan-_ or summer L_.sdtutebecause certain people are going

rather than because they have certain topics. IfI may arrange with somebody to go there,

this is much more interesting for me than just to go for a topic. I think itdepends more on

the persons who are going to be there than on the particular topic.
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GARFINKEL: Somehow I seem a bit out of step with everybody else. I am just not that

about the idea.

POLLARD: This is the influence of the computer. You have gotten so attached to this computer_

GARFINKEL: No, that is not quite it.

POLLARD- For you, there is no great advantage ?

GARFINKEL: It seems to me that being able to think here is more important than being able to
talk.

McMULLEN: How will anyone know what you are thinking ?

GARFINKEL- It is true a person cannot think in a vacuum, but usually there are a few people with

whom it is most useful to exchange information, and this need not be necessarily in a summer
institute.

McMULLEN: How do we get them together unless it is a meeting of just two or three friends ?

There are probably at least a dozen people a person would like to meet at any one time. This

needs organization.

GARFINKEL: That has not been my experience. It has been a smaller number, and often enough

I can just go and visit them. This may be the result of my method of working, which usually

requires close collaboration with a few people at a time.

TOTTER- I wanted to raise a question, which seems to be in the background here, but which I

think no one has voiced. To put this on a practical basis, as I understand the misgivings here,

we really want to know whether theoretical biology is a more economical way of maMng ad-

vances in biology than the present experimental basis; that if we could add something, we

could advance more economically and, therefore, somebody would support this sort of thing.

POLLARD: I have not boiled it down to those terms, and will tell you, I am not going to.

TOTTER: I am not talMng about an economical way to learn more biology, to advance the science;
I mean economical in terms of time and effort.

POLLARD: All right as long as you are not speaking in terms of dollars.

TOTTER: I think our reason for doing theoretical biology is our reason for doing experimental--

because we derive intellectual satisfaction from discovering some order somewhere, but our

excuse for doing theoretical biology would be whether or not it is a more economical way to

produce or to find the order.

LEIGH: There are some people who would feel justified in working in theoretical biology if pure

mathematical problems of interest emerged from the field, and they would feel justified in

working on these mathematical problems even if these problems turned out to have no biologi-

cal significance in the end.

POLLARD: Fair enough. Those people should be encouraged.

LEVINS: I would suggest that this emphasis on theoretical biology as a separate entity is a tran-

sitory historical phenomenon: first, as a corrective against the narrow empiricism that has

dominated science, especially in the United States, in the past, and, second, as a corrective

against the increasing specialization, the move into interdisciplinary activity. Third, I think

it is science becoming self-conscious of the strategy of science instead of developing spon-

taneously. We are insisting, then, on the right to think, but I do not think we want to insist

on too great a separation between theoretical and experimental activity. These are phases of
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the activity of the same individual. They also represent to some extent the division of labor
between individuals.

We also feel that there are certain common problems that make it possible for a theoreti-

cal molecular biologist to say something relevant to the geneticist, not simply because he may

be a bright fellow. I think also what we have in common is the concern with complex systems.

We think there are certain properties of complex systems per se that allow the transfer of

ideas from one field to another, which means that part of our work has to be devoted to the

analysis of complexity and to the stimulation of some mathematical research that will service

this instead of living a parasitic existence on the mathematics that was developed solely for
physics.

This means that we have to develop along the lines of encouraging a mathematics appro-

priate to biology and to complex systems and encouraging communication between the different

branches of biology so that eventually we will not have to label every idea we have and say,

"Look, this is theoretical."

QUIMBY: Very good.

KERNER: I would like to add a seconding remark to these and that is, it is quite astonishing that

in the entire list of participants, there seems to be no one who is, properly speaking, a

mathematician, and it seems to me almost a contradiction in terms to talk about theoretical

science without its genuine mathematical aspects. I would like to suggest, for whatever it

may be worth, that the purely mathematical side of the subject, coming from our mathemati-

cal colleagues, is something that in biology we can take good advantage of.

McMULLEN: Dr. Friedenberg, are you a mathematician?

FRIEDENBERG: Yes, I am, but only in the sense that I enjoy using this tool in developing a bio-
logical model as analogous to the theoretical physicist. A question was raised in the interim

whet_her the biological models we are discussing would be bona fide models to the theoretical

physicist. I would not think so.V The approach i_ ....utu_'_ _ .....mnd_! should involve: (1) a

highly idealized mathematical treatment independent of the physical aspects of the problem and

(2) at a later point, considerations of the actual biochemical nature of the kind of matter in-

volved. Thus, the mathematics treats of the relations between objects, and the model is made

to correspond more to the biological situation by taking into account the kinds of biochemical

entities involved. We can then raise the question of how these mathematically oriented models

can be useful in understanding biological systems.

ODUM: How do you get structure into mathematical models ? Is this not the weakness of mathe-

matical models ? There is no way of indicating the structure of biological material.

FRIEDENBERG: Not necessarily. Physicists treat a structure by idealizing its characteristics

into lines, surfaces, points, etc. Biologists could use the same technique.

ODUM: How do you treat different species, different things like mitochondria and nuclei, and so
on?

FRIEDENBERG: In terms of their function.

ODUM: The whole secret is the relation between the structure and the function, and this cannot be

done with a mathematical model.

FP.r_DENBERG: If we idealize the structures and treat these idealized structures in terms such

as the physicist would treat them, as surfaces and _ints, develop a mathematics around this

to meet the function, and then come back to our system----

ODUM: This helps, but this is only a part of it.
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POLLARD: The structure of the hydrogen atom is only described in mathematics, and it is the

structure of the hydrogen atom that we are talking about.

ODUM: Yes, but Dr. Friedenberg mentioned the structure of a point, a molecule--what about the
structure of a man ?

McMULLEN: He is a series of points.

WATTS-TOBIN: I think it is worth pointi_ out how very much the structure of real things had to

be idealized in many cases even to obtain results in mathematical physics.

ODUivi: i am just asking.

HOFFMAN: On the same line, I do not think that argument is valid because the hydrogen atom is

used as a very rough approximation for much larger, but just as simple, molecules. We

could not talk about any one unit that we hope to explode up to a man to explain a man, but we

may be able to make some kind of an approach--perhaps a '_lack box" approach to a system's

interaction or perhaps a purely physical model based on known theories of physics of today--

that might explain some of the movements within a small sector of a cell--for instance, a pro-

tein, an enzyme and its substrate interaction and movement. We start with those and go a
little further.

YCAS: It seems we are getting a little away from the business of the conference here.

POLLARD: Not much. A little. It does not matter. We can soon come back.

FRIEDENBERG: For the record, I would like to say that I think this is a bona fide area of discus-

sion in theoretical biology. I do not think there is any different kind of matter for the hydro-

gen atom than for the rest of matter, whether it be a man or a hydrogen atom.

POLLARD: I think I am going to interrupt this discussion. We are talking more about politics

than we are about science in this business session. We have only a few more minutes to do it

in and the question is, really, What factors would make a climate in which, let us be frank,

we would gamble on the possibility that there would be something of value? I think this has to

be admitted; it may yield nothing, just as this conference may yield nothing but some unusual

friendships that are created and, perhaps, the cataloging in a single place of things that are

found in scattered conditions. This may be all we will get, or it may not be; we do not know.

I think we have gotten a very good impression on quite a lot here. Let me ask a question.

Is it the impression that support for a year or two years of individuals to do this type of theo-

retical biology is worthwhile? Is this a good thing? Should we ask for it? Is this something

that the committee should recommend as part of our system ? Or is it not ?

LEIGH: Is it also possible to discuss the problem of setting up permanent chairs in theoretical

biology ?

POLLARD: Yes, it is. I would assume that if things such as this were successful initially, they

would be followed by permanent chairs. I would assume so.

But let me ask a few questions here. Let me ask Dr. Pittendrigh. Suppose you were

invited to a professorship at La Jolla in theoretical biology at $5000 more a year than you are

getting now; would you go ?

PITTENDRIGH: I feel really quite strongly that the biologist's situation at the moment is quite

different from the physicist's. Suppose for instance, you had asked this question in 1950, be-

fore we had the Watson-Crick model; how far would you have gotten without the experimenting,

without the idea ? Advancing biology at the moment is still so utterly dependent on good ex-

perimental results, and I do not just mean doing just another experiment. But I really cannot
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see for the most part that a person can go off for a year and "do" theoretical biology. He

should be doing it all the time, but in the laboratory.

SAGER: Two problems are being confused--beth of them, I think, in the area of theoretical biology.

The easier one to deal with is the area in which there are already fairly weU-formulated prob-

lems. For e_mmple, I came to this meeting with what I call a practical theoretical problem.

It is loosely formulated but it needs much help in terms of model building and so forth. There

is an experimental program in this area already.

But there is another area which I think is extremely exciting, but much less clear; namely,

how to think along new lines and to be unfettered in one's thinking--in a sense, to get away

from the laboratory simply in order to be able to think more freely.

Problem solving in this area is not handled by creating chairs in theoretical biology. It

is certainly aided and abetted by having a free kind of place where people can get together and

talk about some of these poorly formulated areas. On the other hand, much, perhaps all,

problem solving occurs the way that Dr. Garfinkel was describing, simply by the work one

does and the thinking one does by himself.

POLLARD: Let me make a statement on the other side. If I were asked whether I, as head of the

Biophysics Department at Pennsylvania State University, would accept an invitation to serve

in theoretical physics for the next two years on the assumption that now and again I might be

interested in biology, I would accept it. So that while I think I have written already "Go slow

here" because it does not look as though people would jump to take $20 000 jobs, I have an

idea there are $20 000 vacancies that can be filled.

BAUTZ: I would think of it as a gamble, I must say, if I took the job for two years, because I do

not know what is going to come out of it and I would rather like to think of a summer first.

DANIELLI: I think that a good deal of the hesitation about whether one should take a job like this

arises from the fact *h_hat, practically speaking, there are not any properly trained theoretical

biologists. There are people who are beginning to move into this fie!d from different areas

but who are naturally hesitant about the extent to which they would be successful. They feel

they need a sheet anchor in the form of an experimental program. The physicist probably does

not feel this way. He can move into theoretical physics, knowing that this has been a field of

profound achievement for many years, and expect to do well if he has intuitions in that direction.

Therefore, I think that the most likely people to take up relatively long-term or permanent

appointments in theoretical biology are those who have been trained in mathematics, or theo-

retical physics, or theoretical chemistry, who are accustomed to having confidence in the ca-

pacity of properly trained people to perform well in the theoretical field. Those who have

been brought up as experimental biologists probably will move only gradually into this feeling

of confidence. Insofar as we have a program of that sort, it probably ought to be directed

more to bringing the mathematicians and the physicists and the chemists into theoretical biol-

ogy than coaxing experimental biologists to let go their sheet anchor and become full-time

theoretical biologists.

POLLARD: I think I am going to say that we have discussed the vital points. Dr. Jacobs, is this

helpful to you?

JACOBS: Yes. I wish it were more definitive, but I think it is about as far as we can go under the
circumstances.

QUIMBY: I would like to be definitive. I fee! tbat we have been a bit out in space and should come

back to Earth. First of all, $20 000 professorships may be hard to come by ff thc F_der__!

Government is to be involved. NASA is not likely to set up "chairs" in theoretical biology.
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Also, Dr. Pollard, I cannot see why anyone has to be uprooted from where he is and go

to another place for one of these fellowships if there is, indeed, to be one. I do not see why

Dr. Morowitz cannot stay where he is, why Dr. Pittendrigh cannot stay where he is, etc.

POLLARD: I do. If he has 15 people on PPLO alone in his laboratory, he will take $20 000 of that

money and misspend it.

QUIMBY: We thought about that, too.

POLLARD: That is why the uprooting is necessary. We havc to get him away t rom a laboratory.

QUIMBY: We do have in NASA predoctoral fellowships and postdoctoral associateships.

POLLARD" That is not the same.

QUIMBY- Perhaps not. May I change this subject? I am thinking of a paper which was written by

a geologist who thought that his own discipline was an eclectic one. Hethought that thepurpose

of science was to bring order out of chaos, to bring simplicity out of complexity. It seems to

me that, if anything, this is what theoretical biology, if that is what we wish to call it, would

try to do for the life sciences.

The advantages of getting away from the laboratory for unfettered thinking with fellow

scientists are obvious. For a long time in this country, and probably throughout the world,

we have had a more or less arbitrary separation of disciplines. This has been true in the

universities where departments dominate the academic structure, and it is also true in the

scientific societies. I think what is needed is to bring selected scientists with special knowl-

edge from relevant or bordering disciplines together long enough for them to stimulate some

new ideas and to lay their experimental activities to rest.
Perhaps this is the answer to Dr. Pittendrigh's question as to why we need theoretical

biology.

PITTENDRIGH: That was not my question. I asked what it is.

QUIMBY" I thought you also asked why we need it.

PITTENDRIGH: No, I did not.

QUIMBY: Then may I ask the question of why we need theoretical biology? I do not care much

about defining it. I think the reason we need it is because there are a number of unsolved

problems, riddles, and mysteries in biology, which have existed for years. We describe

them, measure them, and wring the last drop of water out of them if that is where we have

made our reputations. But we do not understand them; we just marvel at them--bask in their

complexity--and excuse our ignorance with the fact that the problems are complex. I am fully

aware that biology and medicine have grossed a vast array of achievements without physics

and very much mathematics. I am also aware that these achievements have been based upon

mechanistic assumptions. This term intrinsically means physics and mathematics. I am in-
clined to ask for assistance from the mathematicians and the physical scientists in both ex-

periment and theory. There seems little to lose by inventing a new field for modernizing

modern biology. This statement in no way implies that careful detailed observation and de-

scriptive biology should not continue.

McMULLEN- Will these experiments solve the problem, once again, of the origin of life and, if

not, is it still legitimate to theorize about it as part of theoretical biology?

QUIMBY- Are you asking me ?

McMULLEN: Anyone.
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It is perfectly clear that we can theorize about anything.

McMULLEN: Is it interesting to do so ? Is it worth a professorship to study the origin of life from

a speculative point of view ?

POLLARD: This is a somewhat different problem than is being discussed at the moment. I think

our discussion concerns at the present time any theoretical biology; it does not make any dif-

ference what it is. I do not think I would want to recommend to NASA the establishing of a

chair in the origin of life, necessarily. I would not hold it to that. After that, obviously, we

have the theory of how the brain operates, the theory of pain sensa£ion, and all of the things

that are valid theories.

DANIELLI: Dr. Pollard, I think I would like to emphasize again that we cannot really predict with

certainty what is the most profitable way of assisting in the development of theoretical biology

at this time because, in fact, we have to work with the human material that is available. The

only effective way of working with human beings is to find out what they are enthusiastic about

and provide the means by which they can go ahead and do what they want. It does not matter

in what area we are, provided we make progress.

Therefore, I feel that ff we decide to put our funds in a summer institute, we must obtain

the people who are enthusiastic about participating in a summer institute. There may be other

methods which would use the money to greater advantage--I could not say. But I do not think

we can fail, and I do not think we should worry about the relative efficiency of different meth-

ods of doing this job.

POLLARD: All right. I would like to thank you very much for the great generosity in helping in a

real problem, and I am now going to declare the business meeting adjourned.
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